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ABSTRACT 

 

EVALUATION OF SPLICEAI FOR IMPROVED GENETIC VARIANT CLASSIFICATION 

IN INHERITED OPHTHALMIC DISEASE GENES 

By Melissa Jean Reeves, Ph.D. 

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of 

Philosophy at Virginia Commonwealth University. 

Virginia Commonwealth University, 2023 

Major Director: Melissa Jamerson, PhD, MLS(ASCP) 

Associate Professor, Department of Medical Laboratory Sciences 

 

Inherited ophthalmic diseases impact individuals around the globe. Inherited retinal 

diseases (IRDs) are the leading cause of blindness in individuals aged 15 to 45. The personal, 

social, and economic impact of vision loss is profound. Due to individual differences, symptoms 

can be variable, and it may be difficult to diagnose some diseases based on phenotype alone. 

Clinicians often seek out genetic testing to confirm clinical diagnoses when other avenues have 

failed.   Clinical laboratories use all available data, such as frequency, population, or 

computational data, to evaluate genetic variants and determine their classification. Clinical 

laboratories may not have enough evidence to classify a genetic variant as pathogenic or benign 

when testing is performed, so variants may be classified of uncertain significance. Because 

inherited retinal diseases are considered rare, there are limited treatments available, and most 

treatment is offered through clinical trials. Clinical trials often have stringent inclusion and 

exclusion criteria to ensure the most optimum outcome for the study. Due to constraints of a 

study, patients often must have definitive genetic results to qualify for a trial. A variant of 

uncertain significance would likely disqualify an individual for a clinical trial.  

Functional assays, such as the minigene assay, have been used extensively across 

multiple genes and diseases with ease. This study aimed to investigate a novel methodology for 
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the minigene assay and establish the sensitivity of SpliceAI for predicting synonymous splice 

effects in variants with a SpliceAI change (∆) score ≥ 0.8 in inherited ophthalmic disease genes. 

This study used the “P” or process component of the Structure-Process-Outcome (SPO) 

Donabedian model to evaluate the addition of the minigene assay to the clinical testing 

workflow. This study also highlights the importance of using a well-validated framework, such 

as Donabedian, in conjunction with clinical laboratory quality improvements. 

Of the 617 synonymous variants in 20 ophthalmic disease genes targeted in the database, 

86 synonymous variants in 14 genes were scored ≥ 0.8. Twenty synonymous variants in two 

ophthalmic disease genes (ABCA4 and CHD7) were selected for this preliminary study. Twenty 

wildtype and variant pairs were assessed using the novel minigene test to review splice 

outcomes. This study established that this novel minigene test could be used in a clinical 

laboratory as a part of the clinical testing pipeline.  

Of the 20 variants targeted, 14 variants could be evaluated by minigene. Six variants did 

not produce high-quality data and will need to be repeated. Eleven of the 14 variants reviewed 

showed aberrant splice effects through the minigene assay, matching the SpliceAI prediction. 

Three variants matched the wildtype transcript and were therefore considered discordant.  

Based on these results, the sensitivity of SpliceAI for predicting splice effects in 

synonymous variants in inherited ophthalmic diseases is approximately 79%, slightly less than 

the expected 80%. The shift in sensitivity is likely due to the small sample size in this study. A 

Fisher’s exact test was performed to evaluate the concordance rate between minigene outcomes 

and SpliceAI predictions with a p value of 0.2222, indicating no statistical difference between 

SpliceAI predictions and minigene outcomes.  
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The results of this study indicate that SpliceAI has a predictive efficiency in ophthalmic 

disease genes of 79%, which is well below what would be needed (> 95%) for a clinical 

laboratory to rely solely for variant classification. Though the predictive efficiency is less than 

expected, this preliminary study offers insight into the predictive value of SpliceAI for 

synonymous variants in inherited ophthalmic disease genes. This study also introduces a novel 

minigene method that other clinical laboratories across other diseases and genes can reliably use. 

INDEX WORDS: SpliceAI, splice, variant, ophthalmic disease, inherited retinal disease,  

Stargardt disease, Leber congenital amaurosis, Cone rod dystrophy, 

macular dystrophy, CHARGE, Achromatopsia, Aniridia, Congenital 

stationary night blindness, Coucher-Neuhauser, Oliver-McFarlane, 

Gordon Holmes, retinitis pigmentosa, Usher syndrome, quality 

improvement, minigene, CLIA, Donabedian, clinical laboratory
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Chapter 1 

Introduction 

Problem Statement 

Inherited retinal diseases (IRDs) encompass various diagnoses, including retinitis 

pigmentosa, Leber congenital amaurosis, Stargardt disease, and others. (ASGCT, 2020). IRDs 

have an incidence of 1:2,000 and are the leading cause of blindness in individuals aged 15 to 45 

(Rattner, Sun, & Nathans, 1999; Cremers, Boon, Bujakowska, & Zeitz, 2018). IRDs are 

classified as rare diseases, so treatment options are few (Gong et al., 2021). Because many of 

these diseases manifest early in life, individuals often face lifelong challenges. It is estimated that 

IRDs cost over $61 million based on socioeconomic impact in the United States (US) (Gong et 

al., 2021). Patients affected by IRDs often have comorbidities such as an increased risk of 

anxiety and depression (Gong et al., 2021; Mayro et al., 2020). 

Diagnosing patients based on phenotype (symptoms) alone can be difficult, so genetic 

testing is often sought to confirm or refute a patient’s diagnosis. Due to variable expressivity, 

sufficient evidence may not be available to clinical laboratories to classify a variant (an alteration 

in the DNA nucleotide sequence) as either pathogenic (disease-causing) or benign (Richards, et 

al., 2015; NCI, 2021b). To report genetic results more accurately, additional avenues to gather 

evidence for variant classification must be explored.  

Though most pathogenic variants are missense, where a single nucleotide change causes 

a change in the protein, synonymous variants can also be pathogenic (Miosge, et al., 2015). 

Synonymous variants (a variant that does not change the amino acid coded in the protein) have 

traditionally been considered benign as they have no impact on the amino acid composition of 

the protein; however, it has been discovered that synonymous changes can impact several 
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mechanisms, including 1) mRNA splicing stability, 2) Splicing regulation, 3) mRNA binding 

with regulatory elements, and 4) translational kinetics impacting ribosomal functions (Sarkar, et 

al., 2022; Vihinen, 2022). Though uncertain, it has been postulated that splice variants may 

account for approximately 9% to 62% of disease-causing variants (Fraile-Bethencourt, 2019; 

López-Bigas, 2005; Keegan, et al., 2022; Stenson, et al., 2017) 

Diagnostic testing does not traditionally include RNA analysis as a part of a testing 

pipeline, so many splice variants could be missed and account for missing heritability when a 

single heterozygous variant is found in an autosomal recessive disease (Wai, et al., 2019; 

Girirajan, 2017). Variants in the splice donor (at 5’ exon/intron junction, beginning of intron, 

denoted by a “GT” sequence) or the splice acceptor (at 3’ intron/exon junction, end of intron, 

denoted by “AG” sequence) region often leads to “exon skipping,” either partial or whole, where 

the next neighboring exon is not incorporated into the mRNA sequence during transcription 

(Wai, 2019; Baten, 2006). Splice variants can also lead to partial exon loss, inclusion of a cryptic 

or pseudoexon, or inclusion of an intron fragment (Abramowicz & Gos, 2018). Splice variants 

most commonly affect +1 and +2 residues at the 5’ donor site and -1 and -2 residues at the 3’ 

acceptor site (Abramowicz & Gos, 2018). Though it was assumed that larger genes with larger 

introns would have a higher likelihood of splicing defects, a significant number of variants in 

smaller genes also cause aberrant splicing (Abramowicz & Gos, 2018; Chen & Manley, 2009) 

Predictive software packages are routinely used to predict the effects of a variant on the 

resulting protein; however, the majority of these programs were initially designed for new gene 

discovery and were not designed to predict the consequences of variants (Spurdle, et al., 2008). 

When predicting splice variants, no single prediction program is expected to operate at 100% 

efficiency (Wai, et al., 2019; Spurdle, et al., 2008). Thus, most researchers use multiple 
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predictive packages to compare results and determine variant classifications as outlined by the 

American College of Medical Genetics and Genomics and the Association of Molecular 

Pathology (ACMG/AMP) (Spurdle, et al., 2008; Richards et al., 2015). It was recently suggested 

that the score intervals defined by predictive software developers in conjunction with 

ACMG/AMP guidelines requiring consensus of multiple predictors lack quantitative support 

(Pejaver, et al., 2022). Because many methods utilized by predictive software packages overlap 

and standards for concordance between packages are unavailable, variability between laboratory 

interpretations has been observed (Pejaver, et al., 2022; Harrison, et al., 2017). Further, Pejaver 

et al. (2022) discusses that these “in silico predictors” cannot classify a variant’s pathogenicity 

individually; however, they can provide a valuable contribution to classification with proper 

validation and calibration. It was recommended that a single tool be used for evidence of 

pathogenicity to avoid bias in “cherry-picking” the best-scoring predictive packages for any 

given variant (Pejaver, et al., 2022). 

Functional assays are performed to determine the variant’s effect on the resulting protein 

and are necessary to add weighted evidence for variant classification (Wai, et al., 2019). 

Minigene is a commonly used approach for assessing splicing effects in a cell-based assay (Wai, 

et al., 2019). Most pre-mRNA splicing elements were also discovered through minigene (Smith 

& Lynch, 2014). Minigenes are relatively simple to perform and widely apply to nearly any cell 

type and splice event (Smith & Lynch, 2014). Briefly, the minigene is designed, sequences are 

transfected to a cell line, RNA is harvested, and splice effects are analyzed through reverse 

transcription polymerase chain reaction (RT PCR) (Smith & Lynch, 2014). A study by Deng et 

al., (2022) mentioned that multiple cell lines, such as HEK293 and HeLa cells, be used to avoid 

false negative results; however, the study by Rossanti, et al. (2021) saw variations in splice 
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patterns between HEK293 and HeLa cells even though the same minigene construct was used. 

Additionally, the study showed concordant results between the HEK293 minigene assay and in 

vivo experiments (Rossanti, et al., 2021). Establishing a test’s sensitivity and specificity and 

understanding assay limitations is essential when using new technology. 

Though various function tests, such as the minigene assay, have recently become more 

widely used in clinical diagnostics, they add cost and time for reagents and clinical laboratory 

personnel (Singer & Bagnall, 2022). Additionally, validated functional tests are uncommon 

within a clinical laboratory (Richards, et al., 2015). Splice variant predictive packages, such as 

SpliceAI, were initially developed due to the challenges related to functional testing 

(Abramowicz & Gos, 2018).  

SpliceAI is a recently developed software package with a 32-layer deep neural network to 

predict splice variants from pre-mRNA sequences. SpliceAI predicts splice effects for genetic 

variants in four categories and provides a change (∆) score from 0 – 1 in each category: (1) donor 

loss, (2) donor gain, (3) acceptor loss, (4) acceptor gain (Jaganathan et al., 2019). This score is 

based on the type and location of the mutation that occurs in reference to canonical splice sites 

(two nucleotides that flank the outer edge of the exon: donor and acceptor regions) and related 

splicing elements (Lord & Baralle, 2021). SpliceAI uses 10,000 nucleotides of the surrounding 

sequence for each variant position to predict whether a particular position is a splice donor, 

splice acceptor, or neither (Jaganathan et al., 2019). SpliceAI then calculates the increased or 

decreased probability that a position is used as a splice donor or acceptor. A change score ≥ 0.8 

is considered a high precision score (Chen et al., 2020). For example, if genomic position 

38958362-2 in chromosome 19 (19:38958362-2) has a mutation that changes the nucleotide from 

C (cytosine) to T (thymine) and is given a donor gain score of 0.91, the probability that position 
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19:38958362-2 is used as a splice donor increases by 0.91 (SpliceAI, 2023). A reliable predictive 

software that has been validated against a clinical function test would allow a clinical laboratory 

to evaluate a genetic variant’s risk of pathogenicity without the need for functional testing. 

Purpose 

When variants cannot be classified as pathogenic or benign, they are deemed “variants of 

uncertain significance” or VUS. Large gene panels have spurred more VUS reported in a 

patient’s genetic result (Chiang & Trzupek, 2015). The number of VUS reported per gene and 

patient is highly variable, though the number of VUS detected per patient in retinal disease 

testing is estimated to be 7% to 45% (Chiang & Trzupek, 2015; Ellingford et al., 2016). Forty-

eight percent of variants listed in the ClinVar database, a freely accessible public variant archive, 

are categorized as VUS (He, et al., 2022; Wai, et al., 2020; Landrum, et al., 2018). Patients with 

genetic results reported as VUS will most often not qualify to participate in clinical trials, 

limiting treatment options otherwise unavailable.  

Of late, antisense oligonucleotide (ASO) drugs are being developed to treat diseases 

caused by splice effects. Most notably, Spinraza® (nusinersen) has been marketed to those 

affected with spinal muscular atrophy (SMA) (Wai, et al., 2019). Spinraza® is a type of ASO that 

binds to a specific sequence within pre-mRNA transcripts of the SMN2 gene and can restore 

inclusion of exon 7 (where previously lost) in a mature mRNA compound. EXONDYS 51 

(eteplirsen) is another type of ASO that has been marketed for the treatment of Duchenne 

muscular dystrophy (DMD) (Wai, et al., 2019). Traditional treatments are not widely available 

for patients affected by retinal degeneration, and most treatment is sought out through a clinical 

trial (Vázquez-Domínguez, et al., 2019). Clinical trials are often gene or variant-specific, so 

accurate genetic results are essential to determine if a patient qualifies for trial participation. 
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Previously, each clinical laboratory developed its standards and methods for variant 

interpretation. In 2015, the ACMG/AMP developed standards and guidelines for variant 

interpretation (Richards et al., 2015). Current standards for variant interpretation utilize 

prediction software packages to predict the variant’s impact on the related protein and function. 

Literature and population database review determine the frequency of each variant within various 

populations. A quantitative cumulative scoring technique based on Bayes’ theorem (prior vs. 

posterior probability) is used to evaluate and provide a final classification for individual variants 

(Tavtigian, 2018). Many variants do not have enough quantitative evidence to classify them into 

one of five categories: (1) Benign, (2) Likely Benign, (3) Variant of Uncertain Significance, (4) 

Likely Pathogenic, and (5) Pathogenic (Richards, et al., 2015). Functional tests to review protein 

function have not been routinely used in clinical laboratories due to reproducibility and 

reliability issues (Richards, et al., 2015). Thus, clinical validation of test methodologies is 

essential.  

A clinically validated function test that provides additional evidence to classify VUS as 

pathogenic or benign will impact the community by offering knowledge to inform patient care, 

thereby improving the test’s clinical utility (usefulness). Insights into variant functions can also 

inform further research and clinical trial development. The main objective of this study is to 

improve variant classification for patients affected with inherited ophthalmic diseases. This study 

aims to investigate a novel methodology for the minigene assay and the sensitivity of the 

SpliceAI software to predict splice effects in synonymous variants with a change (∆) score ≥ 0.8. 

This study will primarily focus on diseases under the “retinal degenerations” category and 

associated genes and proteins. 
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Theoretical Framework 

Frameworks help establish assessments of new methodologies and guide the researcher in 

assessing quality improvement measures quantitatively. The Donabedian model has often been 

used in healthcare research to evaluate healthcare quality (Ayanian & Markel, 2016; Lighter, 

2015). The Structure-Process-Outcomes (S-P-O) framework provides classifications to measure 

quality; however, the process is often the focus in diagnostic testing. Three main facets are 

highlighted in the diagnostic testing process assessment: (1) Personnel technical competence, (2) 

Appropriateness and completeness of results, and (3) Successful result communication 

(Donabedian, 2005; Meier, Badrick & Sikaris, 2018). In this study, a change to the process 

(genetic testing with functional test vs. software prediction alone) will impact the outcome 

(synonymous variant classification). 

Research Question 

RQ1: What is the sensitivity of SpliceAI to predict synonymous variants with a 

SpliceAI ∆ score ≥ 0.8 in inherited ophthalmic disease genes? 

Hypotheses 

H1: There will be no statistically significant difference between predicted 

SpliceAI outcomes and the minigene assay as measured by Fisher’s exact testing. 

H2: SpliceAI will have a high sensitivity (> 80%) to predict splice effects from 

ophthalmic disease gene synonymous variants scored ≥ 0.8. 
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Significance 

Vision health is an important aspect of an individual’s life. When vision is lost, it 

significantly impacts the individual, their families, and society (NASEM, 2016). Only about 50% 

of patients with retinal disorders have a known genetic cause of disease, so there is a significant 

disparity in access to treatment for those with unknown causes (Chiang & Trzupek, 2015). 

Because most retinal degenerations are progressive, treatment timing is critical to slowing, 

stopping, or potentially reversing vision loss (Sahel, Marazova, & Audo, 2014).  

Improved variant classification could significantly and positively impact stakeholders 

across the inherited ophthalmic genetics community by providing more accurate test results, 

clinical trial development opportunities, and increased patient trial enrollment. Though mainly 

focused on retinal degenerations, it is hoped that this study will provide insight into the accuracy 

of SpliceAI and could lead to future studies in other genes and proteins and improved clinical 

function testing in clinical genetics laboratories. 

Definition of Terms 

Acceptor gain (AG) – A new splice acceptor site is created after a mutation occurs (Spurdle, et 

al., 2008). 

Acceptor loss (AL) – A splice acceptor site is lost after a mutation occurs (Spurdle, et al., 2008). 

Autosomal dominant (AD) – A way that a genetic trait or condition can be inherited; a genetic 

condition occurs when a variant is present on only one allele (copy) of a given gene (NCI, 

2023a). 
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Autosomal recessive (AR) – A way that a genetic trait or condition can be inherited; a genetic 

condition occurs when a variant is present on both alleles (copies) of a given gene (NCI, 2023b). 

Benign – Having no significant effect; harmless (Merriam-Webster, 2021). 

Clinical utility – The ability of a screening or diagnostic test to prevent or ameliorate adverse 

health outcomes through the adoption of efficacious treatments conditioned on the test results 

(Grosse & Khoury, 2006). 

Deoxyribonucleic acid (DNA) – Any of various nucleic acids that are usually the molecular basis 

of heredity, are constructed of a double helix held together by hydrogen bonds between purine 

and pyrimidine bases which project inward from two chains containing alternate links of 

deoxyribose and phosphate (Merriam-Webster, 2021). 

Donor gain (DG) – A splice donor site is created after a mutation occurs (Spurdle, et al., 2008). 

Donor loss (DL) – A splice donor site is lost after a mutation occurs (Spurdle, et al., 2008). 

Exon – The part of the RNA that codes for a protein (NHGRI, 2022a). 

Expressivity – The degree to which a trait is expressed in individuals with the same genotype 

(Miko, 2008). 

Gene – A specific sequence of nucleotides in DNA or RNA that is located on a chromosome and 

is the functional unit of inheritance controlling the transmission and expression of one or more 

traits by specifying the structure of a particular protein (Merriam-Webster, 2021). 

Genome – The genetic material of an organism (Merriam-Webster, 2021). 

Genotype – All or part of the genetic constitution of an individual or group (Merriam-Webster, 

2021). 
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HEK293 cells – Kidney cells that are commercially available for purchase and can be cultured in 

the lab (ATCC, 2023a). 

HeLa cells – The first immortalized cell line; epithelial cells that are commercially available for 

purchase and can be cultured in the lab (ATCC, 2023b). 

Intron – A region of a gene that is excised from the final mature mRNA molecule following gene 

transcription and does not code for amino acids (NHGRI, 2022b). 

Leber congenital amaurosis (LCA) – An eye disorder that primarily affects the retina, which is 

the specialized tissue at the back of the eye that detects light and color (MedlinePlus, 2020a). 

Messenger ribonucleic acid (mRNA) – Single-stranded RNA involved in protein synthesis 

(NHGRI, 2022c). 

Mutation – A permanent and heritable change in genetic material which can result in altered 

protein structure or function and lead to changes in the phenotype (Durland & Ahmadian-

Moghadam, 2022) 

Mutagenesis – A process by which an organism’s DNA changes resulting in a genetic mutation 

(Durland & Ahmadian-Moghadam, 2022). 

OddsPath – Odds of pathogenicity; References a calculated estimate of the magnitude of 

strength for a given assay in the absence of rigorous statistical analysis (Brnich, 2020). 

Pathogenic – Causing or capable of causing disease (Merriam-Webster, 2021). 

Phenotype – The physical expression of one or more genes (Merriam-Webster, 2021). 
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Retinal degeneration – References a progressive, debilitating disease that can lead to blindness; 

Can be caused by pathogenic variants in genes that are critical to retinal function which lead to 

photoreceptor cell death and associated vision loss (Duncan, et al., 2018). 

Retinitis pigmentosa – Any of several hereditary progressive degenerative diseases of the eye 

marked by night blindness in the early stages, atrophy, and pigment changes in the retina, 

constriction of the visual field, and eventual blindness (Merriam-Webster, 2021). 

Ribonucleic acid (RNA) – Single-stranded nucleic acid present in all living cells (NHGRI, 

2022d). 

Sanger sequencing – “Gold standard” technology; A low throughput methodology used to 

determine a portion of the nucleotide sequence of an individual genome, using polymerase chain 

reaction (PCR) amplification and sequencing techniques (NCI, 2021). 

Stargardt disease – Stargardt macular degeneration; A progressive genetic eye disorder that 

affects a small area near the center of the retina causing blindness (MedlinePlus, 2020b). 

Synonymous variant – A variant that does not change the amino acid coded in the protein 

(Vihinen, 2022). 

Transcription – The process of making mRNA from a gene’s DNA sequence (NHGRI, 2022e). 

Translation – Information encoded in the mRNA directs the addition of amino acids during 

protein synthesis (NHGRI, 2022f). 

Variant – An alteration in the DNA nucleotide sequence that may be benign, pathogenic, or of 

unknown significance (NCI, 2021b). 
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Variant of uncertain significance (VUS) – A variation in a genetic sequence for which the 

association with disease risk is unclear (NCI, 2021b). 

X-linked (XL) – Traits or characteristics that are influenced by genes on the X chromosome 

(NHGRI, 2023). 

Study Organization 

The study is outlined in five additional chapters, a bibliography, and appendices. Chapter 

2 reviews the literature regarding clinical variant interpretation, SpliceAI, and minigene. Chapter 

3 outlines the theoretical framework used in this study. Chapter 4 describes the research design, 

methodologies, samples, and procedures. The data analysis and results are presented in Chapter 

5. Chapter 6 outlines the discussion, conclusions, and future directions. A bibliography and 

appendices conclude the study. 
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Chapter 2 

Literature Review 

Introduction 

 Before beginning this project, an extensive literature review on inherited ophthalmic 

disease, functional study methodologies, and splice analysis software was performed. The 

literature review search strategy, along with the rationale and background on genes and 

ophthalmic diseases, in silico analyses, synonymous variants, quality improvement, minigene, 

and new clinical assay development, are presented here. 

Search Strategy 

The literature search began with a review of protein function technologies and variant 

interpretation techniques. Keywords included, but were not limited to, clinical, testing, protein, 

function, genetic, variant, synonymous, classification, minigene, midigene, pseudoexon, SpliceAI, 

assay, mRNA, retinal, degeneration, inherited, validity, reliability, ACMG, and interpretation. 

Most searches were performed in PubMed/MEDLINE; however, EBSCOhost and Google 

Scholar were also utilized. Main sources include peer-reviewed journal articles and books 

primarily published within the last ten years. Primary research dated back to the 1960s was 

included for a historical perspective. Hundreds of sources were identified as relevant to the 

research and were tracked and managed through EndNote software.  

Rationale 

Ophthalmic Genes and Diseases Background 

The following ophthalmic genes were targeted in this study: ABCA4, CDHR1, CHD7, 

CNGB1, CNGB3, EYS, PAX6, PDE6A, PDE6B, PDE6C, PNPLA6, RHO, RP1, and USH2A. All 
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of the genes are primarily associated with retinal degenerations, except for PAX6 and CHD7, 

which are more systemic and developmentally related. ABCA4 is located on chromosome 1, is 

autosomal recessive (AR), and is associated with Stargardt disease, macular dystrophy, retinitis 

pigmentosa, cone-rod dystrophy, and fundus flavimaculatus (RetNet, 2023). Clinical features 

range from mild to severe, with disease onset from childhood to mid-60’s and is characterized by 

a central lesion and surrounding lipofuscin flecks (Sung, et al., 2020). ABCA4 accounts for 30 – 

60% of AR CRD cases in European populations (Ducroq, et al., 2002). 

CDHR1 is located on chromosome 10, AR, associated with cone-rod dystrophy (RetNet, 

2023). Cone-rod dystrophy symptoms usually occur in the first or second decade of life. They 

are characterized by central vision loss, light sensitivity, and night blindness, followed by more 

severe peripheral vision later in life (Sobolewska, et al., 2023). CDHR1-related disease tends to 

be variable in disease onset and severity (Malechka, et al., 2022). 

CHD7 is located on chromosome 8, is autosomal dominant (AD), and is related to 

CHARGE (Coloboma, Heart, Atresia, Retardation, Genitourinary, Ear) syndrome (OMIM, 

2023). Symptoms are variable and present at birth, though all diagnosed with CHARGE have 

dyspnea (labored breathing) present, with a range of other symptoms, which may include eye 

coloboma (key-hole shaped pupil), impaired eye movement, nasal cavity abnormalities, ear 

abnormalities, heart malformation, esophagus malformation, hypothalamic-pituitary deficiency, 

and intellectual disability (Qin, 2020).  

CNGB1, EYS, and PDE6A are associated with AR retinitis pigmentosa (RP) (RetNet, 

2023). RP is characterized by night blindness, attenuated retinal vessels, pigment spicules, and 

loss of peripheral vision (Hull, et al., 2017). CNGB1 is AR located on chromosome 16 

accounting for approximately 4% of AR RP cases (RetNet, 2023). EYS is located on 
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chromosome 6 and is one of the largest human genes (RetNet, 2023). EYS variants account for 

10 – 20% of AR RP cases in Spain, and 12% in France and are a common cause of RP in China 

(Gao, et al., 2022). The function of the EYS protein is still unknown, but evidence suggests it 

may help to maintain photoreceptor cell integrity (Suvannaboon, et al., 2022; Messchaert, et al., 

2018). PDE6A is on chromosome 5 and accounts for less than 4% of AR RP cases in North 

America (RetNet, 2023; Kuehlewein, et al., 2020). 

CNGB3 is located on chromosome 8 and is associated with AR achromatopsia and cone 

dystrophy (RetNet, 2023). Achromatopsia symptoms include reduced visual acuity, nystagmus 

(rapid eye movements), light sensitivity, and total color blindness (Khan, et al., 2007). CNGB3-

related cone dystrophy is progressive and is characterized by color vision defects, macular 

atrophy, normal rod cell responses and reduced cone cell responses (Michaelides, et al., 2004). 

CNGB3 variants account for half of all AR achromatopsia (Kohl, et al., 2005). 

PAX6 is located on chromosome 11 and is considered the “master regulator of the eye” as 

mutations in PAX6 can cause a wide range of eye abnormalities (Lima Cunha, et al., 2019, p.1). 

Aniridia is recessive and is the most common disease associated with the PAX6 gene. A small or 

absent iris, nystagmus, foveal hypoplasia, cataracts, glaucoma, and corneal damage characterize 

Aniridia. Aniridia has a prevalence of 1 in 40,000 to 1 in 100,000 and may show variable 

expressivity (Lima Cunha, et al., 2019). 

PDE6B, located on chromosome 4, is associated with AR RP and AD congenital 

stationary night blindness (CSNB) (RetNet, 2023). CSNB is non-progressive and is characterized 

by night blindness and visual acuity loss (Manes, et al., 2014). No photoreceptor cell death is 

associated with CSNB (Manes, et al., 2014). 
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PDE6C is associated with recessive cone dystrophy and achromatopsia, on chromosome 

10 (RetNet, 2023). PDE6C accounts for just over 2% of achromatopsia cases (Black, et al., 

2022). These patients present with severe cone dysfunction and typical achromatopsia but do not 

have foveal hypoplasia (Georgiou, et al., 2019). 

PNPLA6, located on chromosome 19, is related to recessive conditions such as Coucher-

Neuhauser, Oliver-McFarlane, and Gordon Holmes syndromes (RetNet, 2023). Though retinal 

degeneration may be a part of PNPLA6-related disease, this gene is associated with various 

systemic abnormalities, including ataxia, hair anomalies, hypogonadism, hypopituitarism, 

neuropathy, short stature, or impaired cognitive functioning. These symptoms may be present in 

distinct clusters and help to classify the syndrome present (Synofzik, et al., 2014). 

RHO is associated with both autosomal dominant and recessive RP and dominant CSNB, 

and is located on chromosome 3 (RetNet, 2023). The RHO gene accounts for 30 to 40% of AD 

RP cases, with the P23H RHO variant responsible for 10% of AD RP in US Caucasians (RetNet, 

2023; Ferrari, et al., 2011). 

RP1, located on chromosome 8, is associated with AD and AR RP, accounting for 5 – 

10% of AD RP cases (RetNet, 2023; Ferrari, et al., 2011). One study found that RP1 variants 

found in the beginning and end portions of the gene (N- and C- terminus) were related to AR RP, 

while variants found in the middle of the gene (c.1981 – c.2749) were associated with AD RP; 

however, there were a handful of variants that did not fit this model (Wang, et al., 2021). 

USH2A is associated with recessive Usher syndrome and RP and is located on 

chromosome 1 (RetNet, 2023). USH2A-associated Usher syndrome (Type II) is characterized by 

RP, with or without bilateral sensorineural hearing loss (Koenekoop, et al., 1999). USH2A is 
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responsible for 50 to 80% of Usher syndrome Type II cases and 10 to 15% of AR RP (RetNet, 

2023). The C759F mutation is found in 4 to 5% of AR RP cases without hearing loss (RetNet, 

2023). 

Treatment Options 

 Thus far, treatment options have been limited for retinal degenerations and especially 

treatments targeting splice variants. Adeno-associated viruses (AAV) are often used in gene-

targeted therapies with some success. In six patients with Choroideremia, AAV-delivered 

therapy was shown to be effective and safe (Garanto, et al., 2016). AAV therapies are limited 

due to the gene package size they can carry (less than 5 kb), and even native genes with only 

three exons (PRPH2) are too large for AAV therapy (Riedmayr, et al., 2018; Garanto, et al., 

2016). Additionally, AAVs carry the risk of increased toxicity because it is difficult to regulate 

expression levels. 

Antisense oligonucleotide (AON or ASO) therapies have been used recently in clinical 

trials due to their small size and ease of delivery (Garanto, et al., 2016). Through intravitreal 

injections, AONs can penetrate and reach photoreceptor cells much more easily than AAVs 

subretinally (Garanto, et al., 2016). Additionally, while ASOs are typically administered through 

intravenous, percutaneous, or intrathecal (through the spine) methods, small molecules can be 

dispensed orally (Yamamura, et al., 2022). Specifically, AONs have been used to target splice 

variants successfully. In the study by Tomkiewicz et al. (2021), they used AONs to rescue 15 

pathogenic variants in ABCA4. In one case, an AON eliminated nearly all of an aberrant 

pseudoexon produced by aberrant splicing; in another, the AON obtained 100% normal 

transcript (Tomkiewicz, et al., 2021). Though AONs have been successfully administered, they 

have a limited lifespan as they have limited stability, so using “naked” AONs would require life-
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long, repeated injections (Garanto, et al., 2016). New sub-classes of AAVs are in development to 

allow more effective targeting of the retina and could work in tandem with AONs for improved 

efficacy (Garanto, et al., 2016; Dalkara, et al., 2013; Kay, et al., 2013). 

Other therapies, such as those using helicases, small molecules, and monovalent ions, are 

being explored to target aberrant post-splicing modifications, such as those associated with 

abnormal secondary structures (Georgakopoulos-Soares, et al., 2022). The currently FDA-

approved drug, Spinraza®, is a type of SMA treatment targeting splicing modulation 

(Georgakopoulos-Soares, et al., 2022). 

Predictive Software 

 Many in silico predictors are freely available that can predict genetic variant outcomes; 

however, the reliability and accuracy of these predictors are variable. Most predictors available 

rely on genetic homology information which evaluates protein function across species, and 

generally, this information aligns with expected outcomes; nevertheless, predictors often do not 

agree (Katsonis, et al., 2022). The Katsonis et al. (2022) study mentioned that other studies have 

attempted to assess variant impact prediction methodologies; however, previous studies review a 

limited set of methods in each study, making it challenging to assess the methods independently. 

Cubak et al. (2021) evaluated 44 in silico tools against functional studies in cancer susceptibility 

genes. At least six tools focus on predictive outcomes for synonymous variants alone (Katsonis, 

et al., 2022). SpliceAI is one of 5 tools mentioned in the Katsonis et al. (2022) study, which uses 

pre-mRNA transcript sequence, though it is the most newly developed tool.  

The predictive tool landscape is vast and continually changing. SpliceAI was trained on 

the GENCODE dataset, with splice predictions that are based on 10,000 nucleotides of sequence 
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which flank each pre-mRNA position to predict whether a position will be a splice donor, splice 

acceptor, or neither (Jaganathan, et al., 2019; Harrow, et al., 2012). Though no predictor is 

expected to work with 100% accuracy, SpliceAI can potentially provide valuable predictive 

insight for the clinical laboratory. 

“Not Silent” Synonymous Variants 

 Synonymous variants (variants that do not change the amino acid but impact gene 

expression and protein production) have been found to impact several processes in the mRNA 

pathway related to translation, splicing, regulation, and function.  

The study by Rossanti et al. (2021) evaluated suspecting synonymous variants in Alport 

syndrome and saw concordant results from minigene performed in HEK293 cells and in vivo 

experiments. Another study confirmed by minigene and in vivo experiments found a 

synonymous variant caused exon skipping and may have been related to intrafamilial variability 

in Neuronal Ceroid Lipofuscinosis (Reith, et al., 2022). The H. Zhang et al. (2022) study 

performed minigene on 14 synonymous variants to assess splice effects in hemophilia B 

expression. Another study used minigene to evaluate a homozygous synonymous variant 

discovered in a Han Chinese infant in the PLOD1 gene, associated with Kyphoscoliotic Ehlers-

Danlos syndrome (Yan, et al., 2022). Furthermore, a study by Cui et al. (2022) used minigene to 

investigate a novel compound heterozygous variation, which included a missense and 

synonymous variant in the COL7A1 gene and was able to confirm the pathogenicity of the 

synonymous variant for a child with dystrophic epidermolysis bullosa.  

Though generally, synonymous variants are expected to have a minimal effect on genes 

and proteins, some studies have suggested that they may be as pathogenic as nonsynonymous 
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variants and can account for 1% of disease (Rossanti, et al., 2021). One study showed that 5 – 

10% of human genes contain at least one region where synonymous variants could be damaging 

(Deng, et al., 2022). Synonymous variants should be evaluated as bad actors in disease 

pathology, but they are not consistently assessed in the clinical laboratory. 

Quality Improvement 

Clinical Laboratory Improvement Amendments, CLIA, is the governmental certifying 

body for clinical laboratories in the US. As a part of laboratory certification, laboratories are 

expected to maintain a high level of quality for testing in three phases: (1) Pre-analytic (sample 

accessioning and processing), (2) Testing (test/assay performed), and (3) Post-analytic (result 

interpretation and reporting). To ensure testing is performed at the highest quality, laboratories 

monitor testing performance and stay abreast of technological changes in the field (CDC, 2018). 

Tests must undergo a validation procedure before patient samples can be tested clinically. To 

change a test methodology, laboratories evaluate new technologies as a part of a Quality 

Improvement process. 

New assay development 

Many functional studies have been performed at the research level to understand gene 

and protein function (Kanavy, et al., 2019). To meet the stringent requirements of clinical test 

validation, test methodologies were evaluated for complexity, cost, repeatability, reliability, and 

establishment in the research community. One primary test methodology will be the focus of this 

study: minigene assay.  

Minigene is an extensively used assay to test splicing effects and is widely applicable 

across multiple genes and diseases. Minigene has been used in conjunction with HEK293 cells 
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and is reliable compared to other common cell lines, such as HeLa cells (Rossanti, et al., 2021). 

Minigene experiments and HEK293 cells have been shown to be comparable to in vivo patient 

RNA experiments (Reith, et al., 2022; Rossanti, et al., 2021). Additionally, the minigene assay 

does not require a patient’s RNA, which can be difficult to acquire (Giorgi, et al., 2015).  

The Giorgi et al. (2015) study used minigene to evaluate intronic variants in the CFTR 

gene for cystic fibrosis and found the assay was sensitive to detect < 1% of correctly spliced 

fragments. Another study used minigene to evaluate splicing from variants in the DSP gene 

associated with cardiocutaneous syndrome and found that direct testing of a patient’s cells did 

not show any splice effect; however, minigene testing showed that alternative transcripts were 

being produced, indicating that normal transcript (and protein levels) could be reduced in this 

disease and related to variable phenotypes (Vermeer, et al., 2022). The Stingl et al. (2022) study 

evaluated minigene for variants in the OPN1LW and OPN1MW genes which are related to 

dyschromatopsia and Blue Cone Monochromacy and were able to observe specific haplotypes 

related to incomplete splicing. Another study used minigene to review variant splice effects in 

the BTK gene, which is associated with X-linked agammaglobulinemia (Zhou, et al., 2022). Zhou 

et al. (2022) determined that a single base deletion resulted in a 35-base pair skipping in exon 18 

of the BTK gene. Another study used minigene to detect nonsense-mediated decay triggered by 

premature termination codons in SMA (Zhang, M., et al., 2022). The study by Steffensen et al. 

(2014), described the importance of establishing sensitivity and specificity through test 

validation and tested minigene on BRCA1 gene variants in breast cancer. This study also found a 

discrepancy between predicted variant splice effects versus minigene outcomes, emphasizing 

that predictive programs alone are often not sufficient (Steffensen, et al., 2014). 
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The assay was tested for sensitivity at detection of known pathogenic and benign variants 

according to recently developed guidelines on variant interpretation established by the Clinical 

Genome Resource (ClinGen) Sequence Variant Interpretation (SVI) Working Group (Brnich et 

al., 2019).  

The OddsPath, or odds of pathogenicity, is a calculation that estimates the strength for 

any given functional test: 

OddsPath = [P2 x (1-P1)]/[1-P2) x P1] 

Where P1 is prior probability based upon modeled data and P2 is the posterior probability 

or proportion of pathogenic variants in groups with functionally normal or functionally 

abnormal results. 

When the OddsPath is utilized, it provides the most robust functional test evidence so that a 

variant’s functional impact can be described as “functionally normal” or “functionally abnormal” 

(Brnich et al., 2019).  

The additional evidence from function testing allows VUS to be reclassified as 

pathogenic or benign. Variants that do not meet the ACMG/AMP standards for reclassification 

will remain of uncertain significance. Splice outcomes from minigene will be compared to splice 

outcomes as predicted by SpliceAI, and a Fisher’s exact test will be performed. 

Summary 

Having the ability to classify a VUS as pathogenic or benign could directly impact a 

patient’s care. A benign classification would indicate that the VUS was likely not the cause of 

the patient’s disease and, therefore, might prompt the patient’s clinician to order additional or 

expanded genetic testing to continue to seek out the cause. On the other hand, a pathogenic or 
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likely pathogenic classification could allow a clinician to make directive decisions about a 

patient’s care and determine if they are eligible for clinical trials. Patients can also join patient 

registries, where their known genetic information is shared with researchers. For a clinical 

researcher, knowledge of pathogenic variants helps determine which genes and variants should 

be targeted in clinical trials. Variant classification helps to establish a background for clinical 

trial development toward providing specific, targeted therapies. 
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Chapter 3 

Theoretical Framework 

Background 

Quality is the cornerstone of the clinical laboratory and an essential part of patient care. 

Avedis Donabedian developed the S-P-O model as a framework for healthcare providers to 

evaluate and measure quality in healthcare (Donabedian, 2005). Quality itself is challenging to 

define and changes over time, so it is essential to have benchmarks to measure quality 

(Donabedian, 2005). As such, the Donabedian model has been used multiple times across 

multiple disciplines; it has shown that it is a quality framework used to evaluate quality 

improvement programs and establish quality metrics. 

 Donabedian has been used across multiple disciplines of the healthcare field. Some 

examples include: 

• A study used the Donabedian model to evaluate quality indicators for dispensing drugs in 

a pediatric hospital (Bermúdez-Camps, et al., 2021).  

• In 2019, the Donabedian model was used to operationalize the collaborative 

competencies of the Interprofessional Education Collaborative (Breitbach, et al., 2019).  

• Secondary data analysis was performed using the Donabedian model to evaluate maternal 

mortality and quality of care in the US (Wong & Kitsantas, 2019).  

• Pfaff and Markaki (2017) used the Donabedian model to review and analyze data in a 

secondary analysis of palliative and end-of-life care.  

• In 2014, a study using the Donabedian model evaluated the safety and quality of nurse 

practitioner service (Gardner, Gardner, & O’Connell, 2014).  

These examples are just a handful of studies showing an applied use of the Donabedian model. 
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 In genetics, the Donabedian model was used to systematically evaluate quality assurance 

metrics in medical and public health genetics services (Chou, Norris, Williamson, Garcia, 

Baysinger, & Mulvihill, 2009). The Donabedian framework was used to categorize quality 

metrics in a pediatric cardiac catheterization laboratory (O’Byrne, et al., 2020). Donabedian’s S-

P-O model was also used in a cross-sectional study design to evaluate the quality of patient care 

for HIV patients in a referral hospital in Ethiopia (Alemayehu, Bushen, & Muluneh, 2009). 

Donabedian’s framework is appropriate for use in healthcare generally, as well as clinical 

laboratories. 

Application 

The S-P-O Donabedian model is ideal for any study evaluating quality metrics in 

healthcare. In this study, the Donabedian framework will be used to review the “P” or process of 

quality improvement. Specifically, the process of genetic testing and variant classification will be 

reviewed against a new method that adds a dimension of functional testing which will be 

compared to a recently developed predictive software. Functional testing is expected to provide 

additional evidence to classify genetic variants of uncertain significance, specifically 

synonymous variants which may be considered benign. This quality improvement is expected to 

enhance the clinical utility, or usefulness, of the genetic test results for inherited ophthalmic 

diseases. The workflow will be clinically validated using “gold standard” methodologies, and the 

study uses the Donabedian model, a well-tested theory. This work will be replicable and can be 

used as a standard for other genetic diseases. 
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Historical Relevance 

Literature Search 

 The literature was searched extensively to gather support for this study. Since the 

Donabedian model has been used across multiple disciplines and industries, many citations 

establish it as a well-researched, well-supported theoretical model. Genetic variant classification 

and laboratory techniques being reviewed do not have the same rich history nor the general use 

of the Donabedian model. Additionally, the genes and related diseases evaluated in this study are 

considered rare, so the literature available is limited compared to other disease models. 

Therefore, the literature search to support using the Donabedian model was far more expansive 

than a typical search, though the literature related to the Donabedian model and genetics was 

limited. 

National Library of Medicine Database Search  

 Several terms were used to review the Donabedian model: Donabedian, model, theory, 

framework, quality improvement, laboratory, patient care, and genetics. This search strategy 

differed from the literature review because both a general and particular use of the Donabedian 

model were reviewed. The literature review is much more specific to the background and 

specialty of the clinical and research laboratories. A generalized search of the Donabedian model 

returned over 600,000 results, whereas a more specific search of specialized laboratory 

procedures and genetic variant classification returned just over 80,000 results. When reviewing 

the Donabedian model with the laboratory, the literature dwindled to about 750 results. When 

looking specifically at patient care, quality improvement, and genetics, there were only six 

related articles (Figure 1). One article focuses on quality improvement standards for colposcopy 

(Mayeaux, et al., 2017), another on quality of life for patients diagnosed with a brain tumor 
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(Langegård, et al., 2019), a third on pneumonia (Mattila, et al., 2014), two articles on breast care 

and quality measures (Landercasper, et al., 2017; Edge, 2013), and the last on managing clinical 

risk and participant perceptions of clinical research (Lee, et al., 2012). These articles are across 

multiple disciplines, but none of which directly apply to this study. 

Figure 1 

Donabedian and Clinical Genetics Laboratory Literature Search 

 

Because theories are often not mentioned concerning clinical laboratory work, it was not 

surprising that there has not been extensive use of the Donabedian model in the clinical genetics 

laboratory. This research helps to build this background and emphasize the usefulness of a 

framework when performing quality improvement in the clinical laboratory. 

 Avedis Donabedian is the “father of quality assurance” (Best & Neuhauser, 2004). His 

passion for quality patient care led him to develop a framework to evaluate quality measures 

Donabedian model

~600,000 results

Laboratory 
procedures & Genetic 
variant classification

>83,000 results

Donabedian & Clinical 
laboratory

~750 results

Patient Care, Quality 
improvement, 

Genetics
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used across disciplines consistently and effectively. Though there is no widespread use of 

theories and frameworks in the clinical genetics field, this study highlights the importance of 

using a theory to perform quality improvement in the clinical laboratory. 
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Chapter 4 

Methods 

Measures 

A portion of the genetic sequence of DNA, or gene, is translated into a protein the human 

body uses in various functions. A single change, or variant, in the sequence, can disrupt the 

shape or function of the related protein. Unless a functional test is performed, the variant impact 

is estimated based on currently known information. Evidence to determine variant pathogenicity 

is collected from many different sources, including (1) Population databases, (2) Computational 

and predictive software, (3) Segregation (or how a variant is transmitted through families) data, 

(4) De novo (novel) data, (5) Allelic (or how often a variant is seen on its own independent 

chromosome with another disease-causing variant on the opposite sister chromosome) data, and 

(6) Laboratory and public variant databases (Richards et al., 2015). For many variants, there is 

not enough evidence to classify the variant definitively as “pathogenic,” disease-causing, or 

“benign,” no effect, so the variants are of uncertain significance (VUS). A genetic test with a 

functional test component helps to determine the impact on the related protein and improves 

variant classification, thereby improving clinical utility; however, a reliable predictive software 

that aligns with the results of a functional assay could impact clinical laboratory functions with 

significant cost and time savings. This study will evaluate variant splice effects through a 

functional assay compared to predictive software outcomes to identify the likelihood of a genetic 

change in causing a disease phenotype (symptoms). 

ACMG/AMP provided guidelines in 2015 to determine the different “weight” of different 

evidence types, including functional evidence, and additional guidance was provided in 2019 by 
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the Clinical Genome Resource (ClinGen) Sequence Variant Interpretation (SVI) Working Group 

(Richards, et al., 2015; Brnich, et al., 2019). Functional tests that are “well-established” and 

demonstrate if a variant has normal or abnormal protein function can be labeled as either PS3 

(pathogenic strong, level 3) or BS3 (benign strong, level 3), which are the highest possible 

classifications for functional testing. Currently, it is not recommended that predictive software be 

used as a sole source of evidence; however, this study could provide evidence supporting the use 

of SpliceAI as a sole source in specific circumstances (Richards, et al., 2015). 

Research Design 

This study utilized a quantitative, one-group pre-posttest design. Eighty-six synonymous 

splice variants with a SpliceAI ∆ score ≥0.8 were queried from a public, open database hosted by 

Illumina in selected ophthalmic genes (Illumina, 2021). A subset of these variants (20) from two 

genes (ABCA4 and CHD7) were evaluated by minigene (pre-test) to demonstrate proof of 

concept for this project. The Illumina database includes SpliceAI scores and variant annotations 

for all possible substitutions, single base insertions, and 1 – 4 base deletions within genes 

(Illumina, 2021). Though the downloaded variants are classified as synonymous, the high 

SpliceAI scores imply that these variant changes will impact splicing. The minigene assay is 

expected to show whether a variant alters the expected mRNA sequence. If the mRNA sequence 

is altered, this could impact any mRNA-related activities and the final protein, though the amino 

acid is not altered post-mutation. Once all evidence is weighed, synonymous variants initially 

expected to be benign may be reclassified to pathogenic or likely pathogenic. After evaluating 

minigene results, the number of variants showing expected splice effects as predicted by 

SpliceAI were counted (post-test). Any variants with inconclusive evidence from minigene 

testing remained classified as VUS and were excluded from the final analysis. Minigene 
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evidence was evaluated against SpliceAI change scores and predictions: Donor gain, donor loss, 

acceptor gain, and acceptor loss (DG, DL, AG, AL). The outcomes were evaluated by a Fisher’s 

exact test to determine if SpliceAI accurately predicted splice effects. 

The “intervention” in this study is a genetic test that includes a component to determine 

the impact of a change (variation) on the related protein. Six variants have been previously 

published; two were previously tested by minigene and were used as control samples. The 

independent variable is the splice effect analysis method (minigene assay vs. SpliceAI). Table 1 

summarizes the dependent and independent variables. 
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Table 1 

Measurement Summary 

Variable Type Data Source Measure Construct 

Splice 

Outcomes 

DV Minigene 

assay results 

SpliceAI 

predictions 

Categorical 

(splice effects vs. 

no splice effects) 

Variant splice outcomes 

as assayed by minigene 

vs. predicted by 

SpliceAI 

Splice 

Variant 

Analysis 

Method  

IV SpliceAI 

(Illumina) 

Minigene 

Categorical 

(predictive vs. 

functional) 

Quality improvement 

(standard variant 

analysis w/function test 

vs. standard variant 

analysis w/predictive 

software only) 

Note. IV=independent variable, DV=dependent variable 

Analysis Methods 

One primary splicing function test, minigene, was approached by a novel methodology 

(NEB HiFi DNA Assembly), and the splice outcomes were evaluated against SpliceAI splice 

predictions (Jaganathan et al., 2019; NEB, 2023a). Primers were designed using Primer3 and the 

NEBuilder assembly tool (Untergasser, et al., 2012, NEB, 2023b). Next, primer mixes were 

prepared, and a polymerase chain reaction (PCR) was performed to amplify the targeted wildtype 

(unchanged) sequence from template DNA. The variant was incorporated into the PCR product 
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through primer sequences. The DNA fragments with wildtype or variant sequences were then 

inserted into the RHCglo plasmid pre-digested with the SalI and XbaI restriction enzymes using 

the NEB Hifi assembly kit. (NEB, 2023a; Singh & Cooper, 2006). A second PCR was performed 

to amplify the mutant and wildtype assembled product, including the RSV promoter, minigene 

exons, and polyA signal (PCR expression cassette). The PCR product was purified by columns 

and transfected to HEK293 cells. After a 24-hour incubation, the cells were lysed, and RNA was 

extracted using the XTRACT16+ automated extraction machine (Autogen, 2023). The extracted 

RNA was converted to complementary DNA (cDNA) through RT PCR, followed by gel 

electrophoresis to visualize the product, and Sanger sequencing using the Big Dye Direct kit 

(BIO-RAD, 2023, ThermoFisher Scientific, 2023a). The sequencing product was purified using 

Performa DTR plates, and samples underwent capillary electrophoresis on the SeqStudio 

analyzer (EdgeBio, 2023; ThermoFisher, 2023b). Sequencing analysis was performed using 

SnapGene (SnapGene software, 2023). See Figure 2 below for a graphic of the generalized 

workflow. Figure 3 details the procedural overview. Detailed protocols are listed in Appendix A. 

A list of variants and primer sequences is listed in a table in Appendix B. 
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Figure 2 

Generalized Workflow 

 

Figure 3 

Minigene Overview 

 

This study was performed as a collaborative effort between Virginia Commonwealth 

University (VCU) and the National Eye Institute, National Institutes of Health (NEI/NIH) as an 

intramural study in the Ophthalmic Genomics Laboratory (OGL) under the Ophthalmic Genetics 

and Visual Function Branch (OGVFB). 
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IRB Submission 

This study (HM20027006) was reviewed by VCU IRB Panel A and was deemed not 

human subjects research; therefore, further IRB review and approval to proceed with this study 

was not required.  

Target Population 

The majority of the population of interest in this study are those affected by inherited 

retinal degenerations (IRDs), though generally, the population consists of those affected by 

inherited ophthalmic diseases. The National Ophthalmic Genotyping and Phenotyping Network 

(eyeGENE®) is a genomic medicine initiative of the NEI that includes a DNA repository and 

participant registry of nearly 6,500 participants (eyeGENE, 2021). eyeGENE® is open to 

researchers through controlled access and could be used to dictate future studies built upon this 

study. Genes of interest were targeted based on noted instances of pathogenic variants in the 

eyeGENE® database, as well as frequencies of synonymous single nucleotide variants (sSNVs) 

cited in the gnomAD database (eyeGENE, 2021; gnomAD, 2021).  

Data Collection and Evaluation 

Data were downloaded from the public Illumina splice database into Excel and filtered by 

genes associated with eye-related disease (Blueprint Genetics, 2021; Illumina, 2021). The data 

was further filtered for the targeted genes (ABCA4, CDHR1, CHD7, CNGA1, CNGA3, CNGB1, 

CNGB3, EYS, PAX6, PDE6A, PDE6B, PDE6C, PDE6H, PNPLA6, PRPH2, RHO, RP1, RP2, 

RS1, USH2A) with a SpliceAI ∆ score ≥ 0.8 in at least a single category (DG, DL, AG, AL) and 

subsequently sub-filtered for synonymous variants (ABCA4 [12 variants], CDHR1 [8], CHD7 

[6], CNGB1 [6], CNGB3 [1], EYS [7], PAX6 [4], PDE6A [3], PDE6B [7], PDE6C [5], PNPLA6 
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[9], RHO [2], RP1 [2], USH2A [14]) (Figure 4). CNGA1, CNGA3, PDE6H, PRPH2, RP2, and 

RS1 did not have synonymous variants with a SpliceAI ∆ score ≥ 0.8.  

Figure 4 

Variant Data Filtering Strategy 

 

Sequencing data were analyzed using SnapGene (SnapGene Software, 2023). Sequences 

were compared to the original sequence downloaded from USCS Genome Browser to determine 

specific intron/exon breakpoints (Kent, et al., 2002). Variant classifications will be re-evaluated 

through OGL’s data pipeline to determine if a variant’s current classification can be changed 

with the additional functional data. Any VUS that are reclassified as pathogenic or benign will be 

reported to ClinVar (Landrum, et al., 2018). Samples that fail to meet stringent analysis 

standards will be repeated or marked as “inconclusive” for this study. 

  

611,207 eye-
related variants

1,457 variants
86 synonymous 

variants

Filtered for targeted 

genes and variants 

w/SpliceAI ∆ ≥ 0.8 

Filtered for synonymous 

variants 
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Data Security and Management 

Data was kept on secure servers behind an NIH firewall and was backed up daily on NIH 

servers. Any printed data was kept locked and secure.  

Limitations 

Each assay has technical limitations. Clinical test validation is thorough and establishes 

the accuracy of the test through controls and duplicate samples, multiple samples and variant 

review, and the investigator’s expertise. This study focuses on genes and proteins related to 

inherited ophthalmic diseases, so the techniques established and applied in this study may not 

apply to all inherited diseases. Functional assay utility, or generalizability, will be related to the 

accuracy of the test and functionality of the proteins evaluated in this study. 
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Chapter 5 

Results 

 Six-hundred and seventeen synonymous variants were found in the Illumina database in 

the fourteen selected ophthalmic genes: 86 with a SpliceAI Δ score ≥ 0.8, 173 variants with a Δ 

score 0.5 – 0.79, 225 variants with a Δ score 0.21 – 0.49, and 133 variants with a Δ score < 0.2 

(Illumina, 2021). In the ≥ 0.8 category, most variants were predicted to have at least a donor gain 

impact (64). SpliceAI predicted changes for the 86 variants in the ≥ 0.8 category are outlined 

below (Table 2). 

Table 2 

SpliceAI Predicted Effects in Synonymous Variants Scored ≥ 0.8 

Gene AG AL DG DL DG/DL 

ABCA4 1  9  2 

CDHR1 3 1 4   

CHD7 2 5   1 

CNGB1 1  5   

CNGB3   1   

EYS 1  4 1 1 

PAX6 1  3   

PDE6A   3   

PDE6B 1  5  1 

PDE6C 2  3   
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PNPLA6  1 7  1 

RHO   2   

RP1   1  1 

USH2A 1  12  1 

Notes. AG = acceptor gain, AL = acceptor loss, DG = donor gain, DL = donor loss, DG/DL = 

both donor gain and donor loss in a single variant 

As a preliminary study to evaluate the novel minigene assay, a subset of the 86 variants 

with a SpliceAI Δ score ≥ 0.8 were reviewed. Twenty synonymous variants were assayed using 

the minigene workflow (ABCA4 [12 variants] and CHD7 [6]). The genes, variants (c. and p. 

designations), SpliceAI Δ scores, minigene outcomes, and SpliceAI vs. minigene concordance 

are listed below in Table 3. Figures outlining the variant information, genomic position, 

predicted donor and acceptor sites and SpliceAI scores are available in Appendix C. Additional 

figures with a gel image depicting the minigene results from the wildtype and mutant variant, a 

schematic of the splice outcome, and the sequencing tracings from successful runs are also 

shown in Appendix C.  

The research question (RQ1) stipulated in this study states, “What is the sensitivity of 

SpliceAI to predict synonymous variants with a SpliceAI Δ score of ≥ 0.8 in inherited 

ophthalmic disease genes?” Hypothesis 1 (H1) states that it is expected that SpliceAI predicted 

outcomes will not be statistically significant from minigene assay outcomes. Hypothesis 2 (H2) 

states that it is expected that SpliceAI would have a high sensitivity (>80%) to predict splice 

effects from ophthalmic disease gene synonymous variants scored ≥ 0.8. 
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Table 3 

Genes, Variants, and SpliceAI-Minigene Comparison 

Gene Variant (c.) Variant (p.) SpliceAI Δ 

Scores 

Minigene 

Outcome 

SpliceAI vs. 

Minigene 

Concordance 

ABCA4 c.1299A>G p.E433= DG 0.94 Partial e10 

loss (57b) 

+ 

 
c.2226T>A p.T742= AG 0.97 Partial e15 

loss (67b) 

+ 

 c.264A>T p.G88= DG 0.82 Inconclusive ? 

 c.2736A>T p.G912= DG 0.92 No splice 

effect 

- 

 c.2904G>T p.G968= DG 0.85 Partial e19 

loss (16b) 

+ 

 c.3018C>T p.G1006= DG 0.97 Partial e20 

loss (34b) 

+ 

 c.3462C>T p.G1154= DG 0.88 Partial e23 

loss (62b) 

+ 

 c.4446C>A p.V1482= DG 0.89 Partial e30 

loss (96b) 

+ 

 c.6000C>T p.G2000= DG 0.83 No splice 

effect 

- 
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 c.6207C>T p.G2069= DG 0.97 Total e45 loss + 

 c.6345C>T p.S2115= DL 0.87 Inconclusive ? 

 c.6360G>T p.G2120= DG 1.00,  

DL 0.87 

Inconclusive ? 

CHD7 c.3747G>T p.R1249= DG 0.82 Inconclusive ? 

 c.4512G>T p.G1504= DG 1.00, 

DL 0.89 

Partial e19 

loss (23b) 

+ 

 c.4641G>T p.G1547= DG 0.82 Inconclusive ? 

 c.5454G>A p.L1818= AG 0.92 No splice 

effect 

- 

 c.5841A>G p.G1947= DG 0.92 Partial e29 

loss (53b) 

+ 

 c.7738C>T p.L2580= DG 0.89 Inconclusive ? 

 c.7965G>T p.G2655= AG 0.96 Partial e36 

loss (8b) 

+ 

 c.8115T>A p.T2705= AG 0.96 Inconclusive ? 

Notes. c. denotes the cDNA position and nucleotide change, p. denotes the protein position and 

expected amino acid, > indicates the nucleotide from and to, = indicates no amino acid change, 

variants in italics are classified as VUS in the Human Gene Mutation Database (HGMD), DG = 

donor gain, AG = acceptor gain, DL = donor loss, AL = acceptor loss, e = exon, b = base, + 

indicates concordance, - indicates discordance 

 Both the wildtype and the mutant were assayed for each variant listed above so that the 

minigene results from the mutant could be compared to the wildtype. Of the 20 variants that 
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were assayed, 14 of the wildtype and variant pairs had acceptable results that could be evaluated. 

Six wildtype-variant pairs had results below the quality threshold and could not be evaluated in 

this study (Figure 5). These variants will be repeated in future assays. Of the 14 variant pairs 

analyzed, 11 of the variants showed splice effects by minigene (79.0%) (Figure 6). Three 

variants did not show a difference between the wildtype and mutant (21.0%).  

Figure 5 

Minigene Concordance  

 

  

55%

15%

30%

SpliceAI vs. Minigene Concordance

Concordance

Discordance

Inconclusive
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Figure 6 

Minigene Splice Outcomes  

 

Specifically, seven of the 12 ABCA4 variants assayed showed a range of exon loss, from 

16 bases to total exon loss. Nine of the ABCA4 variants were expected to show a donor gain. The 

ABCA4:c.2226T>A variant was expected to show an acceptor gain. The ABCA4:c.6345C>T 

was expected to show a donor loss. The ABCA4:c.6360G>T variant was expected to show both 

a donor gain and donor loss at two different positions, two bases downstream (3’) of the variant 

and -26 bases upstream (5’) of the variant, respectively. Five of eight CHD7 variants assayed 

also showed a range of exon loss, though less severe, from 8 to 53 bases. Four of the CHD7 

variants were expected to show a donor gain. Two variants, CHD7:c.5454G>A and 

CHD7:c.8115T>A, were expected to show an acceptor gain. The CHD7:c.4512G>T variant was 

79%

21%

Splice Outcomes

Splice Effects No Splice Effects

Analyzed Results
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expected to show both a donor gain and donor loss, -2 bases upstream of the variant and 21 bases 

downstream of the variant, respectively. 

A Fisher’s exact test was performed using Fisher’s Exact Test Calculator to evaluate the 

SpliceAI prediction against the minigene assay outcome (Fisher’s Exact Test Calculator, 2018). 

A 2x2 contingency table was created to plot SpliceAI predicted and minigene assay results, 

splice effects, or no splice effects. The p value was calculated as 0.2222, indicating no statistical 

difference between the SpliceAI prediction and the minigene outcome. This result supports H1 

that there would be no statistically significant difference between SpliceAI predicted and 

minigene assay outcomes. Because three of 14 wildtype-variant pair minigene results did not 

match as expected, this result does not support H2, that SpliceAI’s sensitivity would be >80% to 

predict splice effects from ophthalmic disease gene synonymous variants scored ≥ 0.8. Based on 

these results, the sensitivity of SpliceAI to predict synonymous variants with a SpliceAI ∆ score 

≥ 0.8 in inherited ophthalmic disease genes is 79.0%. 
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Chapter 6 

Conclusion 

Discussion  

Inherited ophthalmic diseases, though often rare, impact thousands of people worldwide. 

Vision health can significantly impact an individual’s wellbeing, in addition to those around 

them and society as a whole (NASEM, 2016). Because of long-term health and economic 

impacts, it is estimated that IRDs cost the US over $61 million in economic and wellbeing costs 

(Gong, et al., 2021). Since IRDs are considered rare, and diagnosis can be difficult due to disease 

presentation, treatment is often very limited (Gong et al., 2021; Richards, et al., 2015). A 

confirmed genetic diagnosis is frequently necessary for an individual to qualify for a clinical 

trial. Variants that cannot be classified as either pathogenic or benign are classified as of 

uncertain significance; however, a patient will likely not qualify to participate in a clinical trial 

without a more definite classification that verifies their diagnosis. Most treatments for IRDs are 

through a clinical trial, so an individual must have an established diagnosis with verified genetic 

results. 

Most disease-causing variants are missense variants, but synonymous variants have been 

found to impact several mechanisms that routinely cause disease (Miosge, et al., 2015). 

Synonymous variants (sSNVs), previously overlooked, may provide a pivotal piece to the 

diagnostic puzzle. RNA studies are not routinely performed in the clinical laboratory, so it is 

possible that many patients are considered “unsolved” after genetic testing is performed (Wai, et 

al., 2019; Girirajan, 2017). Functional assays have been more widely used in diagnostic pipelines 

but add cost in reagents and personnel time (Singer & Bagnall, 2022). Over the long term, these 

costs can become significant and would most likely be passed along to the consumer, increasing 
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the overall cost of genetic testing. Since insurance coverage for inherited ophthalmic disease is 

variable, even for those with the same insurance plan, it is important to reduce genetic testing 

disparities by keeping overall costs down (Zhao, et al., 2021). A predictive software that could 

accurately predict variant outcomes would save a clinical laboratory hours of labor and 

thousands of dollars that could reduce the overall cost of testing to consumers. 

SpliceAI is a recently developed neural network-based software trained to predict variant 

splice effects from pre-mRNA sequences. Since most previous algorithms were designed for 

novel gene discovery and were not trained to predict variant consequences, they were not 

accurate at predicting splice variant outcomes (Spurdle, et al., 2008). SpliceAI is one of a 

handful of recently developed software that can predict splice variant outcomes more accurately 

than previous software; however, the majority of researchers still use multiple packages to 

predict variant outcomes (Spurdle, et al., 2008). This is problematic as there is often a lack of 

consensus between algorithms and a lack of structure for synthesizing scoring across multiple 

programs, which can lead to bias and potential “cherry picking” of the most desirable algorithm 

predictions (Pejaver, et al., 2022). Additionally, issues arise when multiple laboratories upload 

their variant classifications to public databases, such as ClinVar, and the interpretations between 

laboratories are discordant (Pejaver, et al., 2022; Landrum, et al., 2018; Harrison, et al., 2017). 

Because no algorithm is expected to operate at 100% efficiency, it is not enough to use algorithm 

predictions alone, though they can provide valuable insight into expected variant outcomes 

(Pejaver, et al., 2022). 

Functional assays, which provide experimental evidence to support predicted outcomes, 

are necessary to add weighted evidence for variant classification (Wai, et al., 2019). The 

minigene assay is relatively easy to perform, is versatile with various cell types, and has been 
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used across multiple disease models (Smith & Lynch, 2014). Additionally, minigene assays 

capture various splice events, including partial exon loss, whole exon loss, pseudoexon gain, and 

intron retention (Abramowicz & Gos, 2018; Smith & Lynch, 2014). 

The Donabedian model was used to evaluate the addition of the novel minigene assay to 

the clinical testing pipeline. The “P” or process component of the Structure-Process-Outcome 

(SPO) Donabedian model was used as the framework for this clinical laboratory quality 

improvement. Because the Donabedian model is so widely used in quality improvement in 

healthcare, it is an ideal model for use in the clinical laboratory (Bermúdez-Camps, et al., 2021; 

Wong & Kitsantas, 2019; Gardner, Gardner, & O’Connell, 2014; Chou, Norris, Williamson, 

Garcia, Baysinger, & Mulvihill, 2009). The majority of clinical laboratories have innately 

established high standards of quality based on tenets set by CLIA for clinical laboratory 

certification (CDC, 2022). For new clinical laboratories who are just beginning to establish these 

standards, the Donabedian model provides a blueprint for quality improvement across the entire 

organization (the structure of the laboratory, clinical processes, and related clinical outcomes). 

With the emphasis on quality improvement in the clinical laboratory, it is vital to highlight the 

importance of using well-established models when working towards the highest quality 

standards. 

This preliminary study aimed to show “proof of concept” for a novel minigene assay in 

the clinical laboratory. Since the minigene assay has been previously extensively tested in 

clinical and diagnostic settings, it seemed like an ideal system to use here. Additionally, this 

study reviewed minigene results against the predictions of a highly trained algorithm, SpliceAI, 

on a rarely evaluated variant, sSNVs. The results of this study indicate that SpliceAI can predict 

splice effects for synonymous variants within ophthalmic disease genes, as evidenced by 
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minigene assay results; however, it may not predict as well as would be needed to replace the 

minigene assay entirely.  

Though only 20 wildtype and variant pairs were tested, overall, the results were fairly 

positive. Based on previous research, it was expected that SpliceAI would have a sensitivity of at 

least 80%, and these results showed a 79% predictive rate, just shy of the expected 80% (Bryen, 

et al., 2022; Chen et al., 2020; Jaganathan, et al., 2019). Even with the small cohort, the 

concordance rate between minigene and SpliceAI was over 50% (79% with the inconclusive 

results excluded). The Fisher’s exact test showed there was no statistical difference (p >0.05), so 

the outcomes between SpliceAI and minigene were fairly well matched, with only three 

discordant results (no difference between wildtype and mutant variant splice effects). It is 

expected that testing of additional variants would elucidate the accuracy of SpliceAI further.  

Based on these results, SpliceAI provides valuable information for a clinical laboratory to 

investigate splice effects further through functional assays; however, an accuracy of 79% would 

not be enough for a laboratory to use to classify a variant alone. Moreover, according to current 

variant classification standards, predictive software results cannot be used individually to classify 

a variant, likely due to the variabilities in splice predictions and discordance between algorithms. 

Unless further testing shows an accuracy greater than 95%, the requirements surrounding variant 

classification will likely remain the same. Developers need to continue to test and refine current 

algorithms and utilize artificial intelligence to develop new and improved predictive software 

packages. Clinical laboratories will continue to use reliable, functional assays, such as minigene, 

to confirm variant outcome predictions. 

These results also showed that this novel minigene assay is consistent for use in the 

clinical laboratory. While some of the procedures in the minigene pipeline are automated, such 
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as the RNA extraction, other procedures were performed manually. Increased automation will 

improve the minigene pipeline by reducing personnel time and cost. Though only two genes 

were targeted in this preliminary study, this minigene assay is expected to work well across 

multiple genes and diseases. Further testing would promote this presumption and provide a 

broader scope of the minigene outcomes compared to predicted SpliceAI scores.  

There were several previous studies published that evaluated the predictive efficiency of 

SpliceAI as compared to other predictive software packages, but there were few studies that used 

SpliceAI to evaluate synonymous variants (Ha, et al., 2021; Strauch, et al., 2022; Zeng, et al., 

2021). Additionally, many studies have highlighted the minigene assay to evaluate synonymous 

variants. Still, there have been a small number of studies that focus on inherited ophthalmic 

disease genes. Those studies centered on inherited ophthalmic diseases evaluated variants in 

single genes related to specific patient cases where the genetic diagnosis was confirmed by 

minigene (Qian et al., 2021; Zeitz, et al., 2021; Zou, et al., 2019).  

This study is novel because the minigene assay used in this study has not been previously 

published. This study evaluated SpliceAI predictions across 20 inherited ophthalmic disease 

genes and 86 synonymous variants in the ≥ 0.8 category. Moreover, this study focused on 

experimentally generated data to evaluate a predictive software package that has previously 

shown promising predictive value. IRB approval was unnecessary and there was less risk of bias 

as these results are not specifically tied to patient outcomes. The minigene assay presented here 

comprises several smaller procedures across the pipeline (PCR, purification, cell culture, 

transfection, RNA extraction, and Sanger sequencing), each with individual limitations. These 

assay limitations are controlled by establishing the sensitivity and specificity of the testing 
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pipeline through the clinical validation procedure, and through the use of validated controls and 

duplicates. 

Future Studies  

 The additional 66 variants previously queried from the Illumina database will be assayed 

through the minigene workflow, and the outcomes will be compared to SpliceAI ∆ scores for 

further analysis. The concordant SpliceAI and minigene results will be evaluated against 

ACMG/AMP guidelines for variant classification to determine if any of the variants’ current 

classifications can be updated. Once verified, this data can be uploaded to ClinVar. 

 Because this study only evaluated synonymous variants with SpliceAI scores ≥ 0.8, 

reviewing other synonymous variants from the Illumina database that fell below this scoring 

threshold to determine the accuracy of SpliceAI’s splicing predictions with lower scores may be 

beneficial. Other studies which have explored minigene along with SpliceAI have found splice 

effects with SpliceAI scores as low as 0.01 (Torrado, et al., 2022). 

Additionally, because the minigene assay only measures the presence or absence of splice 

effects, testing each variant on a quantitative assay would be helpful so that wildtype and mutant 

transcript could be measured. Because it is nearly impossible to distinguish band intensity on an 

agarose gel, a quantitative assay could determine whether a normal transcript is present but in 

reduced quantity in the mutant compared to the wildtype transcript. The discordant results seen 

in this study could indeed be concordant if the normal transcript is found to be reduced in the 

mutant as compared to the wildtype, thereby increasing the accuracy of SpliceAI predictions. 

Phenotype-genotype studies could be established based on amounts of normal transcript present 

and could lead to further discoveries related to disease pathology. 
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 Finally, it would be useful to query the eyeGENE® database to determine if any of the 

sSNVs found to be likely disease-causing are present in participants in the eyeGENE® database. 

This information could be helpful to participants if they currently have a single pathogenic 

variant in an autosomal recessive disease and could provide the missing heritability for an 

individual, thereby offering a definitive genetic diagnosis that could be used towards future 

therapies.  
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Appendix A 

Protocols 

1. Primer Design using Primer3 and NEBuilder: 

1. Go to UCSC Genome Browser (https://genome.ucsc.edu/cgi-bin/hgGateway), select the 

Human Assembly. GRCh37/hg19 was used for the first 29 variants and verified against 

the GRCh38/hg38 assembly to ensure proper coverage. GRCh38/hg38 was used for the 

remaining variants. Enter the chromosome and chromosome position for best search 

accuracy (eg. chr6:65057651) in the Position/Search Term field.  

 

2. The variant (highlighted) and surrounding sequence will be visible. The arrow at the top 

under “Scale” should face right (->). By using the “move” arrows at the top, determine 

the intron/exon boundaries for the variant region and note the chromosomal positions for 

each boundary on either side of the variant. 

 

3. Right-click on the gene name (left side of screen) and select “Get DNA for xxx gene.” In 

the “position” field, add/subtract 400 bases to the previously determined intron/exon 

boundaries, and set the range. Under “Sequence Retrieval Options,” “Add extra bases” 

should be set to 0 in both fields. Under “Sequence Formatting Options,” select “All lower 

case” and “Reverse complement.”  

**Note: For deep intronic variants (variants more than 100 bp from a flanking 

intron/exon boundary), add 500 bases to the variant site location instead of the 

intron/exon boundaries. Alternatively, you may include the closest flanking exon 

sequence +/- at least 250 bases of the intron on both sides where the variant occurs. If a 

pseudoexon is predicted, add at least 250 bases of the intron sequence on either side of 

the pseudoexon sequence. 

 

4. Select “extended color/case options,” and select “Underline” for “RepeatMasker” and 

“Toggle Case” for “NCBI RefSeq.” Click “submit” at the top. The “Extended DNA 

Output” will be visible, and the exon sequence is in ALL CAPS, with the surrounding 

intron sequence in lower case. 

 

5. Copy and paste this sequence into Primer3 (https://primer3.ut.ee/). To ensure the primers 

flank the sequence of interest, place a left bracket ([) and right bracket (]) at 250 bases of 

either end of the exon/intron boundary. Click “Pick Primers.” 

 

6. Forward and reverse primers are indicated as (>>>) and (<<<) in the sequence. Starting 

with the (>>>) forward primer sequence and ending with the (<<<) reverse primer 

sequence, copy and paste the sequence into NEBuilder (https://nebuilder.neb.com/#!/). 
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7. Click “New fragment” then paste the sequence from Primer3. You will need to remove 

all characters copied over (>>>, <<<, line numbers, etc.) and leave only the remaining 

sequence, then click “Process text.” 

 

8. Locate the variant change and manually change the base. For instance, if the sequence is 

…CAGCAGG… and the change is A>T, type in the new base as …CAGCtGG. 

 

9. Delete the sequence starting at the variant change through the end. This sequence 

becomes Fragment 1. 

 

10. Rename the fragment related to the exon or variant (eg. ABCA4e20frag1). 

 

11. Click “Add” at the bottom. 

 

12. Follow steps 7-8 again, then delete the sequence starting at the beginning through the 

variant change. This sequence becomes Fragment 2. 

 

13. Rename the fragment according to convention above (eg. ABCA4e20frag2). 

 

14. Add the plasmid sequence for RHCglo (see below) by clicking “Add Fragment,” 

“Process text,” check the boxes for “Vector” and “Circular,” then rename the fragment 

(eg. RHCgloplasmid). 

RHCglo sequence: 

ggtacatatcgaattcgagctcgcccggggatcatatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagtat

ctgctccctgcttgtgtgttggaggtcgctgagtagtgcgcgagcaaaatttaagctacaacaaggcaaggcttgaccgacaatt

gcatgaagaatctgcttagggttaggcgttttgcgctgcttcgcgatgtacgggccagatatacgcgtatctgaggggactaggg

tgtgtttaggcgaaaagcggggcttcggttgtacgcggttaggagtcccctcaggatatagtagtttcgcttttgcatagggaggg

ggaaatgtagtcttatgcaatactcttgtagtcttgcaacatggtaacgatgagttagcaacatgccttacaaggagagaaaaagc

accgtgcatgccgattggtggaagtaaggtggtacgatcgtgccttattaggaaggcaacagacgggtctgacatggattggac

gaaccactgaattccgcattgcagagatattgtatttaagtgcctagctcgatacaataaacgccatttgaccattcaccacattggt

gtgcacctccaagctccggactcgggtgagcccttatgcatgtctcttactgaccagcttgctcttaccggggttgcagggaggc

agatttgctcacctgaatgttggggaggtaaatgcttggagagatgggggtgctgataaatccatctctgtcctatgccggtcaga

gggtctgtgcatcgggagctctccctcttcctttcccagctgccttctttgcctttggtttcatcctcacttggttttatgctctgccttcg

tctccctaactcctccctagtaggaaaaagcatcctccgctgtggcaccttgcaattctccccatctgcacccctccctctgcctgct

gcgtgcagccccttcctccccaggttgcccctcagcacctgagtttccgtaactcaaggactggagcccctgttactgaccatac

cccgctatggggctgatctggcattgctcccccacgccttttgcgctttcagtgagggtgcacggatatgggaacgccagcaaaa

atagctcctgctcctcatccacctgtggtggcttttgcctcgcgtcgccccaacctccctgagtcacggggcctggctgcgtctga

ggagacagctgcagctccttgtgcagctccccagccatttttagaagcactttccccacccccctccccccccctcttcccagcaa

tgtgttgtgcccgcacattttccaggataaggtttcctcggggagcttggccctgcagcctttacctcctcctcaggcaacgacccc

gtcgatcctcactttgtagttcctctgtaggcaaagcagttgtggagtggtgggaggaaagaatgtcccatgacttggctttcctga

tgccttctggagaagaaaggaagggcgagcaaaatccctttcgcgaagggcctttgctggcagttggatgctttccccctttcctg

cttccctagccggccacgagatggtgctgggaagcgaaagggtcgacaccaatagaaactgggcatgtggagacagagaag

actcttgggtttctgataggcactgactctctctgcctattggtctattttcccacccttaggatccatctaccatcgattggcatggct
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cgaggttggtatcaaggttacaagacaggtttaaggagaccaatagaaactgggcatgtggagacagagaagactcttgggtct

agactagtcgagctgcccgaacaacttcagggccgcatctcatttgccagcaggggggatgcaaaaaatcccacctatggtgct

gatgttcaatgaatgcattgggtgcccactagcccagtgacccagggaaggctaggaaagcactccgagacaaagtagcacttt

tcagaaggagaataagccctgggcttggagtccttgaggaatctgagcaagattcctctggttaatggtgcacaatatctctaagc

tagaagctgaagctggtttggggaccaaatgtgtgacaagctgtgggattgtgtggggaagaagaaaagatgaaggaatgcat

cgtaacttaccttgttctcatttttccctcctacagaaaaagaggagggcagccaccgcccggcggcagcacctgaagagtgcta

tgctccagcaatcttgtaggttccaggctgctgaggacctgcaccagccatgcaactttctattttgtaacaatttctggttactgttg

ctgcaaagctccatgtgacacagtgtatgtaaagtgtacataaattaatttattttacctcgttttgtttgtttttaaaaccaatgccctgt

ggaaggaaacataaaacttcaagaagcattaaatcatcagtcattctgtcacacccctaatgcagttgtttctgtcatcatttccctgg

gctcttccatctctcgctgacctgggactgggtgctggggctgggagcaggggttggggctctccagggagagatggcatggg

gagagtgatgggatactgctgggggggggggactcaccctgctgtgggctgcaggaagcccattggtgcagagagcagcct

gggatgcccatgacacgggcacccactgcaccgtgtttctcccatgcccagtagggaaagggttacgagcgccgttcattctca

gcttgtgaaggattttgttgggctcagcctgccagagcagtagccaggcatgcctgtgcagctccgagctgtgatggacagagg

caaggctgcagctagagcggccgccaccgcggtggagctccaattcgccctatagtgagtcgtattacaattcactggccgtcg

ttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgcagcacatccccccttcgccagctggcgtaat

agcgaagaggcccgcaccgatcgcccttcccaacagttgcgtagcctgaatggcgaatgggacgcgccctgtagcggcgcat

taagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctttcttccc

ttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcacc

tcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagt

ccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgcc

gatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaatttcaggtgg

cacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctg

ataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgcctt

cctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactgg

atctcaacagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgc

ggtattatcccgtattgacgccgggcaagagcaactcggtcgccgcatacactattctcagaatgacttggttgagtactcaccag

tcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgccataagcatgagtgataacactgcggcca

acttacttctgacaacgatcggaggaccgaaggagctaaccgctttttttcacaacatgggggatcatgtaactcgccttgatcgtt

gggaaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggcaacaacgttgcgca

aactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggaccactt

ctgcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgtgggtctcgcggtatcattgcagcact

ggggccagatggtaagccctcccgtatcgtagttatctacacgacgggcagtcaggcaactatggatgaacgaaatagacagat

cgctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttt

taatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcaga

ccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctacc

agcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactg

tccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagt

ggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggct

gaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagcattgaga

aagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagg

gagcttccaggggggaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgt

caggggggccgagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatgttct

ttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccgag

cgcagcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcattaat

gcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttacctcactcattaggcac
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cccaggctttacactttatgcttccggctcctatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgacca

tgattacgccaagctcggaattaaccctcactaaagggaacaaaagctg 

 

15. Under “Select method for production of linearized fragment,” select “Restriction Digest,” 

select “SalI” for the 5’ end of the fragment and “XbaI” for the 3’ end of the fragment, 

then click “Add.” 

 

16. Click to edit Fragment 2 by clicking the pencil icon. Scroll down to “Adjust junction 

properties,” under the “Upstream junction,” be sure the “Split” option is selected, and 

enter the variant sequence in the “Custom spacer” textbox. In the example above, t would 

be entered. Click “Update.” 

 

17. The primer sequences are displayed at the bottom under “Required oligos.” 

 

2. PCR #1 (Wildtype (WT) & Variant (Var)) Amplification: 

1. Prepare primer mixes as outlined below for both the wildtype (outer) primer mixes and 

variants for each variant being testing (enough for 10 variants). 

PRIMER MIXES: 

WT (100 uM stock ea, Primer mix 10+10 uM) 

ROW A (of PCR plate): 

dH2O  90 uL 

WT OutF 5 uL 

WT OutR 5 uL 

For each Variant (100 uM stock ea, Primer mix 10+10 uM): 

ROW B (of PCR plate): 

dH2O  90 uL 

WT OutF 5 uL 

VarR  5 uL 

ROW C (of PCR plate): 

dH2O  90uL 

VarF  5 uL 

WT OutR 5 uL 

2. Retrieve the template DNA (any previously tested DNA with wildtype region of interest or 

CEPH DNA may be used). 
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3. Prepare the PCR reaction # 1 master mix as outlined below and add 23.5 uL to each sample 

well in the sample plate. 

PCR Reaction # 1 Master Mix (25 uL rxn, enough for 36 samples): 

KOD 2X Master mix 450 uL 

dH2O   360 uL 

Template DNA 90 uL 

 

4. Add 1.5 uL of each primer mix to the appropriate well as shown in the attached plate map. 

5. Seal the plate, spin briefly, and place in the thermocycler to run the protocol as outlined 

below. 

Regular TouchDown PCR 

protocol: 
      

TouchDown64 
       

96°C  2 min  
     

94°C  20 sec  
     

64-61-58°C  20 sec 3x3 cycles  
    

70°C  40 sec  
 

94°C  20 sec  
     

57°C  20 sec 31 cycles  
    

70°C  40 sec  
     

70°C  2min  
     

10°C  ∞   
     

 

6. Once PCR is completed, store at 4°C overnight or -20°C. 

 

3. Column PCR product Purification using Qiagen QIAquick PCR Purification: 

1. If not done previously, dilute the concentrated Buffer PE by adding 45 ml ethanol (96-100%) 

to the Buffer bottle. Mark the check box on the bottle to indicate the completed step, initial and 

date.  

2. Label the top of the purification columns and place in a provided 2 ml collection tube. 
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3. Add 125 uL (5:1 volume) of Buffer PB to each PCR reaction (25 uL rxn). Mix thoroughly by 

pipetting 2-3 times.  

4. Transfer all solution from step above (150 uL total volume) to the center of the purification 

columns. Centrifuge for 30-60 seconds at 13,000 rpm. Discard the flow-through and place the 

column back into the collection tube.  

5. Add 750 μl of Buffer PE to the column. Centrifuge for 30-60 seconds at 13,000 rpm. Discard 

the flow-through and place the column back into the collection tube.  

6. Centrifuge for 1 minute at 13,000 rpm. Label a set of clean 1.5 ml microcentrifuge tubes.  

7. Transfer the empty purification column to a 1.5 ml microcentrifuge tube. Add 50 μl of Buffer 

EB to the center of the purification column membrane, incubate for 1 min, and centrifuge for 1 

min at 13,000 rpm. Pay attention to the orientation of the caps to avoid caps breaking up during 

spin.  

8. Measure DNA concentration using DeNovix. Blank with the Buffer EB.  

 

4. DeNovix DNA or RNA Concentrations (from NEI OGL SOP “Measuring DNA 

concentrations using the DeNovix DS11 FX+ Spectrophotometer and Fluorometer”): 

1. Ensure the top arm is down and launch the dsDNA application (for RNA, select the RNA 

application) on the home screen.  

 

2. Once the machine is initialized, lift the top arm and clean the upper and lower sample 

surfaces with a Kimwipe. 

 

3. Pipette 1 µl of DNA diluent, or appropriate blanking solution, onto the lower sample surface. 

Lower the top arm and tap the Blank button.  

 

4. After blank is taken, remove the solution from both sample surfaces using a Kimwipe. 

 

5. Pipette 1 µl of DNA onto the lower sample surface. Lower the top arm and tap the Measure 

button.  

 

6. Remove the solution from both sample surfaces using a Kimwipe.  

 

7. After the last sample has been measured, pipette 2 µl dH2O onto the pedestal. Lower the arm 

and let stand for 1 minute, then remove the water from both sample surfaces using a 

Kimwipe.  

 

5. E-gel Electrophoresis (from NEI OGL SOP “Site-directed Sequencing Test”): 
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1. Add 14 µl water to every well in 2% E-Gel EX, then add 1 µl PCR reaction to each well with 

a multi-channel pipette.  

2. Add 10 µl water and 5 µl ladder mix to Marker wells (1 kb GeneRuler DNA Ladder used as 

marker).  

3. Run 15-20 min for mini e-gel. Run 10 min for the 48-well gel. If necessary to resolve the PCR 

bands better, run another 10-20 min.  

4. Take a picture of gel using gel imager. 

 

6. RHCglo Plasmid Preparation for Minigene: 

 Plasmid Digestion: 

1. Pull any RHCglo plasmid (WT or mut) from the -20C OGL Plasmid box and thaw. 

2. In a 1.5 mL tube, prepare the following mix. This may be scaled up depending on the 

amount of plasmid needed. 

Plasmid Digestion Mix (50 uL Rxn, ~4 ug)): 

RHCglo plasmid (PNPLA6WT or mut) 530 ng/uL  10.0 uL 

CutSmart Buffer       5.0 uL 

XbaI         0.5 uL 

SalI-HF        0.5 uL 

dH2O        34.0 uL 

 

3. Place in thermocycler at 37°C for at least 16 hours, and then may stay at 4°C after. 

Gel and Purification: 

1. After incubation, run the sample on a 1.2% or 2% gel, loading 20 uL/well, watching the 

separation of bands. The bands may separate well after 20 min, but you may run up to 40 

min to obtain good band separation. 

2. The bands will separate out into 2 distinct bands (see below): 
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3. Carefully remove the top of the E-gel cassette using the E-gel opener (see below).  

a. Screw or unscrew the long silver screw using the black handle to increase or 

decrease the distance between the two flat ends so that the E-gel sits between the 

flat ends.  

b. Ensure that the silver razor edge is aligned with the edge of the E-gel cassette, 

between the cassette plates, on both sides.  

c. Screw to tighten and place pressure on E-gel cassette – You will need to use some 

force for this. You should visualize bubbles forming in the top of the gel between 

the gel and the top plate and hear cracking noises.  

d. Once it appears that the top plate is loose, you can unscrew to relieve pressure and 

carefully remove the top cassette plate. 

 

 

 

 

X 

Screw/unscrew to 

place pressure on E-

Gel. 
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4. Cut out the top bands as indicated by the orange arrow in the gel image above. The 

lower bands (red “X”) can be ignored. Begin gel extraction using the QIAquick Gel 

Extraction Kit (Qiagen # 28704). 

a. To five 1.5 mL snap cap tubes, add 600 uL of Buffer QG each. 

b. Using a clean, sharp edge and leaving approximately 1 mm edge around the top 

and bottom of the band, carefully cut around and in between the bands of the top 

row. Cut each band individually and carefully lift each band onto your cutting tool 

as it is cut. 

c. Add two cut fragments to each 1.5 mL tube by carefully shaking the gel 

fragments off of the tool into the Buffer QG. Each gel fragment is approximately 

100 mg. The max amount per spin column is 400 mg. 

5. Once the gel fragments have been added to the tubes, and ensuring the fragments are 

mixed into the Buffer QG, set the Eppendorf Thermomixer to 50°C. 

6. Incubate the tubes at 50°C for 10 min and check to see that the gel has fully digested. 

Flick the tubes until the solution is clear yellow and quickly spin down. Expect the total 

volume, with added Buffer QG and gel fragments, to be around 700 uL on average (<750 

uL per tube). 

7. Place a QIAquick spin column in a provided 2 mL collection tube. *Spin columns may be 

used more than once, so for 5 sample tubes, you may use 4 spin columns and load 1 spin 

column twice (after spinning and pouring off the first sample). 

8. Add the entire sample from each sample tube to a separate spin column, directing the tip 

at the center of the column membrane when adding the sample, and centrifuge for 1 min 

at 13,000 rpm. 

9. Discard the flow-through and place the QIAquick column back into the same tube. 

Place the E-gel 

between the two flat 

ends, carefully. 

There is a sharp 

razor edge on either 

end. 
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10. Add 500 uL of Buffer QG to each QIAquick column, again directing the tip at the center 

of the of the column membrane, and centrifuge for 1 min at 13,000 rpm. 

11. Discard the flow-through for each sample and place the QIAquick column back into the 

same tubes. 

12. Add 750 uL of Buffer PE to each QIAquick column, incubate the columns at room 

temperature (RT) for 2 minutes, then centrifuge at 13,000 rpm for 1 min. 

13. Discard the flow-through for each sample, place the QIAquick column back into the same 

tubes, and centrifuge one last time at 13,000 rpm for 1 min to remove any residual buffer. 

14. Place each QIAquick column into a clean 1.5 mL microcentrifuge tube. 

15. To elute the DNA, add 50 uL of Buffer EB to the center of each QIAquick membrane, 

incubate the columns at RT for 1 min, and then centrifuge the columns at 13,000 rpm for 

1 min. 

16. Combine the eluate from each tube into a single tube and measure the concentration on 

the DeNovix. *A good concentration should be around 85 ng/uL or more. 

 

7. Site-directed Mutagenesis with HiFi Assembly kit and PCR # 2: 

HiFi Assembly: 

1. Set up the HiFi assembly reactions ON ICE/COLD BLOCK. Prepare the HiFi reaction master 

mixes as outlined below. 

HiFi Assembly Reaction WT [Vector+PCR 1A] Master Mix (10 uL rxn, enough for 25 samples): 

HiFi MM   125 uL 

dH2O    87.5 uL 

RHCglo vector (25 fmol) 25 uL 

 

HiFi Assembly Reaction Var [Vector+PCR 1B+1C] Master Mix (10 uL rxn, enough for 25 

samples): 

HiFi MM   125 uL 

dH2O    75 uL 

RHCglo vector (25 fmol) 25 uL 

 

2. Add 9.5 uL of the WT MM to the appropriate sample tubes.  
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3. Add 9 uL of the Var MM to the appropriate sample tubes. 

4. Add 0.5 uL of PCR 1A product (50 fmol) from PCR # 1 to each of the corresponding WT 

sample tubes. 

5. Add 0.5 uL each of PCR 1B product and PCR 1C product (1 uL total PCR product) from PCR 

# 1 to each of the corresponding Var sample tubes. 

6. Place the samples in the thermocycler at 50°C for 15 minutes. 

 

PCR Reaction # 2: 

7. Set up PCR Reaction # 2 master mix as outlined below and add 24.5 ul to each sample tube. 

PCR Reaction # 2 Master Mix (25 uL rxn, enough for 45 samples): 

KOD 2X Master mix 562.5 uL 

dH2O   472.5 uL 

Primer mix SplF + SplR (10 +10)  67.5 uL 

 

4. Add 0.5 uL of HiFi assembly product to each of the corresponding sample tubes. 

5. Place the samples in the thermocycler to run the protocol as outlined below. 

Regular TouchDown PCR 

protocol: 
      

TouchDown64 
       

96°C  2 min  
     

94°C  20 sec  
     

64-61-58°C  20 sec 3x3 cycles  
    

70°C  40 sec  
 

94°C  20 sec  
     

57°C  20 sec 31 cycles  
    

70°C  40 sec  
     

70°C  2min  
     

10°C  ∞   
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6. Once PCR is completed, store at 4°C overnight or -20°C. 

 

8. Setting up HEK293 Cell Culture from Frozen Aliquot 

1. Ensure that you have enough premade culture media to begin: 

a. DMEM Prepared Media: Gibco DMEM with GlutaMAX and high glucose 

(ThermoFisher cat # 10566016), Sigma FBS (F0926-500 mL), ATCC PenStrep 

Solution (cat # 30-2300, 100X) 

i. To one 500 mL bottle of DMEM, add 50 mL of FBS and 5 mL of 

PenStrep 

2. Place the culture media at room temperature (RT) as you prepare your workspace. Media 

should sit 15-30 min at RT. 

3. Prepare your workspace – Clean work surface, bottles, your gloves with 70% ethanol. Be 

sure to have supplies needed for the culture nearby or set up in the hood to reduce the 

number of times you will need to go in and out of the culture hood. 

4. Label a T-175 flask with the cell name, date, and passage number (i.e., HEK293, 5-31-

23, p6). Add 35 mL of DMEM/FBS/PenStrep mix as prepared above to the T-175 flask 

and place in the 37°C incubator for 10 min to prewarm. 

5. Remove the HEK293 cell aliquot from the freezer and place in the 37°C dry bath for 1-2 

min. 

6. Add the cells from the tube to the prewarmed T-175 flask and place back in the 37°C 

incubator. 

7. Allow to grow for 48 hours and check growth.  

8. If continuing culture, split the cells once they are confluent or near confluent. You’ll 

notice the media color will change from red/pink to orange/yellow as the cells become 

confluent. 

a. Label a new T-175 flask, ensuring that you update the passage number. The 

prepared media should be brought to RT.  

b. Remove the culture media from the culture flask and discard. 

c. Rinse the cells with 10 mL dPBS (Gibco cat # 10010-023, 1X, pH 7.4), remove 

and discard. 

d. Add 10 mL TrypLE (Gibco Select CTS cat # A12859-01) and incubate at 37°C 

for 5 min to detach the cells. 

e. Add 10 mL of DMEM prepared media and pipet up and down to resuspend the 

cells. 
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f. Remove 5 mL of cell mixture and place in newly labeled flask. Add 30 mL of 

DMEM prepared media and place in 37°C incubator. 

g. Check cells again for growth/confluency in 2 days if continuing cell culture or 

planning to freeze down. 

Notes: 

• Be sure to use aseptic technique! Cleanliness is essential during tissue culture. Wipe any 

bottles, vials, working hood surface, and your gloves with 70% ethanol. Change your 

gloves frequently and be sure to clean your workspace both before and after tissue 

culture. 

• If you do not prewarm the media, you will likely stress or shock the cells and many of the 

cells may die. You want to go directly from the freezer to dry bath to do a quick thaw 

because it stresses the cells less than a long thaw. 

• HEK293 cells are adherent but do become round and detach during expansion. Any 

floating dark cells visualized are dead cells. 

• HEK293 cells grow fast, so you have to monitor the growth and passage as needed. The 

larger the culture flask, the more room for growth and more cells will grow. 

• Check for rod or string-shaped bacteria when viewing cells for contamination. Fungus is 

often visible to the naked eye (nothing should be floating in your culture). If a culture 

becomes contaminated, discard, and clean the incubator thoroughly. 

• For more information, here is a great guide for HEK293 cells as well as links to videos on 

general tissue culture techniques: HEK293 Cells: Background, Applications, Protocols, 

and More (synthego.com) 

• This link provides a volume table for various sized culture flasks/plates/dishes: 

https://www.thermofisher.com/us/en/home/references/gibco-cell-culture-basics/cell-

culture-protocols/cell-culture-useful-numbers.html  

9. Vi-Cell Blu Cell Counting protocol 

1. Click  and then  to display the carousel Sample Set. 

https://www.synthego.com/hek293
https://www.synthego.com/hek293
https://www.thermofisher.com/us/en/home/references/gibco-cell-culture-basics/cell-culture-protocols/cell-culture-useful-numbers.html
https://www.thermofisher.com/us/en/home/references/gibco-cell-culture-basics/cell-culture-protocols/cell-culture-useful-numbers.html
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2. Check the Reagent Status  to ensure there is enough reagent to complete the sample 

set. If there are not enough cycles in the reagent pack, the pack should be replaced. 

3. Select  to create a sample set.  

 

 

4. Enter a sample name . Optional. 

5. Select Cell Type from the dropdown menu . Select BCI Default. 
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6. Enter a dilution factor (whole number 1 – 9999) . Leave at 1.  

7. Select the Normal wash mode setting . 

8. Select  to create the sample set. 

9. Manually rotate the carousel to load the sample tubes onto the carousel to match what 

was selected on the sample set (if location 5 was selected for a sample, ensure that the 

sample is placed in location 5). 

10. Select  to Run the samples in the carousel. The carousel will rotate to look for tubes 

and process the samples. 

11. When finished, the completed Sample Set screen is displayed. 

 

 

12. Note the cell count and % viability for each sample. 

 

10. Transfection: 

1. Dilute 200 ng DNA to 50 ul Opti-MEM in each well of a 24 well plate. Refer to DNA 

concentrations. *The DNA can be added to 50 uL of Opti-MEM at 200 ng. The further 

dilution in Opti-MEM is negligible. 

2. Prepare Opti-MEM/Lipofectamine 2000 mix. Add 20 uL of Lipofectamine 2000 to 2 mL 

of Opti-MEM (enough for 40 samples) and incubate at RT for 5 min. 

3. Add 50 uL of Opti-MEM/Lipofectamine directly to each well containing DNA. Mix and 

incubate another 20 min at RT. 
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4. During incubation, remove culture media from T-175 flask and add 10 mL of PBS to 

gently rinse. Remove PBS, then add 5 mL of TrypLE and incubate in the incubator for 3 

min. Add 7 mL of 10% Complete DMEM (with FBS/Pen Strep) and rinse/pipet up/down 

5 times to break up any clumps. Place cells into conical and perform cell count on Vi-

Cell Blu using 100 uL of cells for count. 

5. The cells should be 0.8 x 10^6 c/mL. Aliquot 400 uL of cells at that concentration to each 

well. Gently rock plates front and back, left and right to mix. *Do not swirl, which will 

accumulate cells to the center. 

6. Place plates in incubator overnight. 

7. Harvest cells 20-28 hours. 

 

11. Cell Harvest and RNA Extraction (adapted from NEI OGL SOP “RNA Extraction from 

Whole Blood”): 

1. Prepare Resuspension Buffer (RB) with β-ME if not done previously: 

2. Add 50 µL of β-ME to 5 mL of RB Buffer in a 50 mL conical tube. Alternatively, if the kit is 

going to be used up in a month, add 600 µL of β-ME to the 60 mL bottle of RB buffer. Record 

RB+ME, initials, and date on the tube or bottle. Vortex briefly.  

** β-ME is stored at 4C. Work with β-ME in the fume hood, as it has a strong odor and is a 

dangerous chemical. 

**The RB +ME mix can be stored at room temperature for 1 month. 

3. Remove media from each culture well in the 24-well plate using the vacuum in the tissue 

culture hood.  

4. Add 400 µL RB Buffer mix to each well, incubate at room temperature for 2-3 minutes, swirl 

and accumulate the sample at the bottom of each well by gently tipping the culture plate. 

5. Remove the cell lysis solution for each sample and place in a spin column. *To note, the cell 

lysis solution will be sticky, so you may consider using a cell scraper to help remove media. 

6. Centrifuge the columns for 2 minutes at 13,000 rpm and place in an XTRACT sample tube or 

Sarstedt tube (curved bottom). Samples can be stored at -20°C until running on the 

XTRACT16+. Samples will become cloudy in appearance once frozen but will become clear 

when thawed. 

7. Bring the XTRACT 16+ T-rack into the hood.  

8. Place the labeled sample and eluate tubes into the T-rack.  

9. Place the sample tube in the leftmost column in the W1 position on the T-rack (see image 

below), moving from left to right for subsequent samples. Place the eluate tube in the W5 
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position of the same column in the T-rack as its corresponding sample tube. Take care to open 

and bend the eluate tube caps backward with the cap connector sitting in the slot so that it does 

not obscure the opening of the tube. 

  

10. Place a pipette tip into the W3 position of each column that contains a sample. Pipette tips 

need to be removed from the paper and pulled out of the plastic cover. 

11. On the XTRACT16+, Select Set Up Run. 

12. Press Start on the home screen.  

13. Retrieve the correct number of reagent cartridges and place into the cartridge rack by holding 

the end with the sticker and inserting the back end into the space below the fixing plate of the 

cartridge rack. Ensure that the cartridges are seated flat.  

14. Insert the T-rack into the instrument. If the T-rack does not sit flush with the cartridge rack, 

the reagent cartridges may need to be adjusted. 

15. Insert the waste bin into the instrument and ensure that it is pushed all the way in.  

16. Configure and Start Run: Press Next to choose the Cartridge Code. The Cartridge code is 

located on the sticker of each cartridge (631 for TriXact RNA Kit). Press No for DNase 

treatment. Select 400 µL for the Sample Volume. Select 100 µL for the Elution Volume.  

17. Ensure that nothing is obscuring the openings of any sample or eluate tubes, then close the 

door and press Start.  
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12. RT PCR: 

iScript RT-qPCR (10 uL rxn volume; 300 ng of RNA): 

1. Set up the RT PCR reactions ON ICE/COLD BLOCK. 

2. Add 2 uL of the iScript RT Supermix to each sample tube.  

3. Water and sample volumes will vary according to individual RNA concentrations. The table 

below provides example concentrations and volumes. Add dH2O to each sample tube according 

to the table. 

4. Add RNA sample to the appropriate sample tube according to the table volumes. 

 

Sample 

# 

RNA 

Extraction 

concentrations-

Batch 1 

(ng/uL) 

RNA 

volume for 

RT PCR 

H2O 

volume 

for RT 

PCR 

1 42.96 7.0 1.0 

2 41.79 7.2 0.8 

3 40.8 7.4 0.6 

4 40.37 7.4 0.6 

5 43.25 6.9 1.1 

6 45.62 6.6 1.4 

7 39.72 7.6 0.4 

8 38.86 7.7 0.3 

9 44.15 6.8 1.2 

10 40.84 7.3 0.7 

11 65.62 4.6 3.4 

12 66.89 4.5 3.5 

13 99.13 3.0 5.0 

14 87.71 3.4 4.6 

15 118.32 2.5 5.5 

16 93.79 3.2 4.8 
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17 92.42 3.2 4.8 

19 99.04 3.0 5.0 

20 101.12 3.0 5.0 

21 100.79 3.0 5.0 

22 110.38 2.7 5.3 

23 101.92 2.9 5.1 

24 101.48 3.0 5.0 

25 109.56 2.7 5.3 

26 87.82 3.4 4.6 

27 102.42 2.9 5.1 

28 93.37 3.2 4.8 

29 103.14 2.9 5.1 

30 100.28 3.0 5.0 

33 101.64 3.0 5.0 

34 96.54 3.1 4.9 

35 93.17 3.2 4.8 

36 110.13 2.7 5.3 

37 97.97 3.1 4.9 

38 100.94 3.0 5.0 

39 110.63 2.7 5.3 

40 83.54 3.6 4.4 

 

5. Place the samples in the thermocycler and run 

the iScript protocol. 

iScript 
       

25°C  5 min  
     

46°C  20 min  
     

95°C  1 min   
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10°C  ∞    

 

6. Add 40 ul 1xTE to each sample. Samples may be stored at 4°C overnight or -20°C.  

 

13. Sanger Sequencing (from NEI OGL SOP “Site-directed Sequencing Test”): 

1. Using a multichannel pipette, split PCR reactions in half by transferring 8 µl PCR reactions to 

the next column over, according to plate map. The first column will be used for M13 Forward 

sequencing reaction, and the second column will be used for M13 Reverse sequencing reaction. 

2. Create forward and reverse sequencing master mixes according to the table below (example 

master mix for 14 samples shown below). Record lot numbers and expiration dates. 

 

 

 

**sequencing reagents (primers & mastermix) may be used up to 5 years following the 

expiration date on the tube. 

3. Using a repeater pipette or multichannel pipette, add 3 μL of sequencing reaction mix to the 

appropriate Forward or Reverse columns. 

4. Use the BigDye-Direct-Seq program shown below on a validated thermocycler, record which 

cycler was used. 

 

 

 

 

5. Samples can be stored at +4°C overnight 

or extended time at -20°C. 

 

14. Sanger Product Cleanup (from 

NEI OGL SOP “Sanger Reaction 

Cleanup and Capillary Electrophoresis 

Preparation”): 

Reagent Vol (µl) 14X (µl) 

BigDye® Direct Sequencing Master Mix  2 28 

BigDye® Direct M13 F OR R primer 1 14 

Total volume to add to each reaction  3  

BigDye-Direct-Seq  

37°C  15 min   

80°C  2min   

96°C  1min   

96°C  10 sec   

50°C  5 sec 25 cycles 

60°C  4 min   

10°C  ∞   
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1. Sequencing reactions are purified using Edge Bio Performa DTR Ultra plates. Retrieve the 

Edge plate from the fridge. Peel off the bottom seal and then the top seal slowly. 

2. Place on a waste plate, and pre-spin for 5 min at 850 rcf. Check to see if any of the wells of the 

Edge plate appear abnormal (wells should all look uniform). Avoid using any abnormal wells in 

the Edge plate. Dump pre-spin waste plate contents down the sink, rinse waste plate, then place 

on drying rack for future use.  

3. Place Edge plate on a new collection plate (PCR plate) labeled with EDGE-Initials-date. Load 

the entire sequencing reaction (12 µl) on to the center of the column and spin 5 min at 850 rcf.  

4. Pay close attention to following plate map, as after final spin all the wells will be filled and 

look identical. 

5. Thaw HiDi Formamide and add 10 μl to each well in a new PCR plate labeled with HiDi-

Initials-date.*Make sure HiDi is added to all wells that the array tips may occupy (array loads in 

sets of 4 or 8 per column). 

6. Label wells, columns, or rows if needed as a sample guide. Transfer 3 μl EDGE-eluate to HiDi 

plate to the correct wells.  

7. Spin briefly, and heat for 3 min at 95°C. 

8. Immediately transfer to a cold block in 4°C fridge and chill for at least 3 min. 

9. Seal the EDGE-eluate plate with foil seal and store at -20°C until all testing is confirmed and 

finalized.  

 

15. Sanger Sequencing (from NEI OGL SOP “Operation and Maintenance for the SeqStudio 

Genetic Analyzer”): 

1. Sample can be run either on a plate or 8-well strips. *Samples are stable for 16-24 hours on 

the instrument.  

2. Plate setup can be performed on the Cloud (thermofisher.com/cloud), on a PC, or on the 

instrument. On the preferred platform, open the Plate Manager software.  

3. In the Plate Setup screen, create or open a plate setup in PSM or CSV file. 

4. In the properties tab, edit the Plate Name (Initials_Date), select Shared in the Plate setup 

security field, and select Sequencing as the application type.  

5. In the Sequencing analysis settings, select Analysis settings 2018 and click Next. 

6. In the Plate screen, add the sample names using the plate or line-by-line view.  

**Load samples or Hi-Di to all wells in the injection group. Samples should be loaded in 

duplicate if there are empty wells in the injection group.  
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7. Select a dye set for the injection group. 

8. Select a run module MediumSeq. 

9. Click Next and proceed to “Save a plate setup in the Plate Manager” in the cloud or save to a 

flash drive. *The default injection order is: A1-D1, E1-H1, A2-D2, E2-H2…A12-D12, E12-H12. 

Injection groups can be skipped using the Plate Manager.  

10. Add HiDi or HiDi mixture according to the specific protocol being performed. 

11. Add the appropriate sample volume to the plate according to the protocol. 

12. Centrifuge the plate assembly briefly to collect the contents at the bottom of each well. 

13. Heat at 95°C for 3 minutes. 

14. Cool in the metal blocks at 4°C for 3 minutes or until loaded onto the instrument. 

15. Place a septum on the plate. Align the holes of the septa with the wells and press gently until 

it is seated flat on the plate. For strips use the following plate assembly: 

 

 

 

 

 

 

 

 

 

16. Touch Eject plate, then open the instrument door when prompted.  

17. Press the release button on the autosampler to open the lid, then remove the cathode buffer 

container (CBC) on the right side.  

18. Ensure that the level of the buffer is above the fill line.  

19. Close the autosampler lid. Press down on the center of the lid or press down on both sides of 

the lid with equal pressure until the lid clicks shut. 

20. Touch Retract plate, then close the instrument door. 

21. In the instrument home screen, touch Setup run. 

22. Import the plate setup file from cloud or flash drive to the SeqStudio. 
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23. Verify that settings are correct as needed. Specify the Save location to Cloud or USB. Touch 

Start run. 
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Appendix B 

Variants and Primers 

Variant Gene_exon/intron Outer_fwd Outer_rev Var_fwd Var_rev 

ABCA4:NM

_000350.3:c.

1299A>G  

ABCA4_E10  ggtgctggga

agcgaaagg

GTTCTGT

CAGCCC

AGGAAG  

gttcgggcagc

tcgactagTA

CATATTT

CTCATCC

AAAGTCA

GTGAC 

 

cctgggaag

agGTAG

GGCCCC

AGATCT

GG 

 

gggccctaccTCTTCC

CAGGCTTTGACC 

 

ABCA4:NM

_000350.3:c.

2226T>A  

ABCA4_E15  ggtgctggga

agcgaaagg

GTACTG

ATGACT

GTTAGG

AG  

gttcgggcagc

tcgactagTG

GTGAGGA

GTCACTG

TTGC 

 

ctttctccaca

GCCACC

ATCATG

CTGTGC 

 

gatggtggctGTGGAG

AAAGCCAACAAG 

 

ABCA4:NM

_000350.3:c.

264A>T 

ABCA4_E3 

 

ggtgctgggaa

gcgaaaggG

ATCCGTC

TGTCTCC

CCAC 

 

gttcgggcagctc

gactagTCAA

GAAATTTT

GTGCACG 

 

caccccaggtG

AATCTCCT

GGAATTGT

G 

 

caggagattcaC

CTGGGGTG

GGGCTTTG

A 

 

ABCA4:NM

_000350.3:c.

2736A>T 

 

ABCA4_E18 

 

ggtgctgggaa

gcgaaaggG

ATGGCAC

ATTGAGA

GGAGG 

 

gttcgggcagctc

gactagTTAT

TTGCTTTC

TCCAGGAA

ATATG 

 

gcacccagatG

GAATACAC

GGTAAAAC

C 

 

cgtgtattccaTC

TGGGTGCT

CTGGATCC 

 

ABCA4:NM

_000350.3:c.

2904G>T 

ABCA4_E19 

 

ggtgctgggaa

gcgaaaggG

AATTTGT

GTAAAGC

AGTCGAA

GCAG 

 

gttcgggcagctc

gactagTCAC

TTCCCCGG

CACACAAA

AG 

 

tggagctggtAA

AACCACCA

CCTTGTGA

GTC 

 

tggtggttttaCC

AGCTCCAT

TGTGGCCC 

 

ABCA4:NM

_000350.3:c.

3018C>T 

 

ABCA4_E20 

 

ggtgctgggaa

gcgaaaggG

TTTGAGG

CTGGGAA

TCCCAAA

G 

 

gttcgggcagctc

gactagTAGG

GAGGAGC

CCTCAGCT 

 

gagccttggtAT

GTGTCCAC

AGCACAAC

ATCC 

 

gtggacacataC

CAAGGCTC

TGCCGGAC

T 
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ABCA4:NM

_000350.3:c.

3462C>T 

 

ABCA4_E23 

 

ggtgctgggaa

gcgaaaggG

AGACACT

GTGTGTG

GCAATG 

 

gttcgggcagctc

gactagTTAA

TACTTGCA

GACCATTT

AAAG 

 

ttggcacaggtT

TGTACTTA

ACCTTGGT

G 

 

taagtacaaaCC

TGTGCCAA

AGCAGTTC 

 

ABCA4:NM

_000350.3:c.

4446C>A 

 

ABCA4_E30 

 

ggtgctgggaa

gcgaaaggG

GAGATGG

TTATTCC

CCAG 

 

gttcgggcagctc

gactagTAAG

CTTTTGGT

GAGTGGC 

 

ggacacaggtaA

ACCCTTCA

CCATCCTG

C 

 

tgaagggtttAC

CTGTGTCC

ATTTCTGC 

 

ABCA4:NM

_000350.3:c.

6000C>T 

 

ABCA4_E43 

 

ggtgctgggaa

gcgaaaggG

ACAATTT

CTCGTTG

TTTTTAA

GTCTTTG

AATCTTT

AC 

 

gttcgggcagctc

gactagTAAT

CCATCCCA

ACAGAGG 

 

cgtagcaggtA

AGAGGTGA

GTATCCTG

C 

 

ctcacctcttaCC

TGCTACGG

TGGCATCC 

 

ABCA4:NM

_000350.3:c.

6207C>T 

 

ABCA4_E45 

 

ggtgctgggaa

gcgaaaggG

ATGCTGA

GCAGGCT

GGGC 

 

gttcgggcagctc

gactagTAGG

ATGTGCGC

AGTCCCAA

G 

 

cctggctggtAC

GTACAGTG

GGGGCAAC 

 

cactgtacgtaC

CAGCCAGG

CAGTCGGC

G 

 

ABCA4:NM

_000350.3:c.

6345C>T 

 

ABCA4_E46 

 

ggtgctgggaa

gcgaaaggG

GTGGGCT

GAAATGG

GCCC 

 

gttcgggcagctc

gactagTACA

CAGGATCC

AGGTGGAT

C 

 

catcgtgagtAT

CATCAGAG

AAGGGAG

GG 

 

ctctgatgataCT

CACGATGA

CGTTCCAC

AG 

 

ABCA4:NM

_000350.3:c.

6360G>T 

 

ABCA4_E46 

 

ggtgctgggaa

gcgaaaggG

GTGGGCT

GAAATGG

GCCC 

 

gttcgggcagctc

gactagTACA

CAGGATCC

AGGTGGAT

C 

 

cagagaaggtA

GGGCTGTG

GTCCTCAC

ATC 

 

ccacagccctaC

CTTCTCTG

ATGATCCT

CACGATG 

 

CHD7:NM_0

17780.4:c.37

47G>T 

 

CHD7_E15 

 

ggtgctgggaa

gcgaaaggG

CCTCTTC

TCTATCT

TCCC 

 

gttcgggcagctc

gactagTAAA

GGCAAGGT

GAGATTC 

 

tggaattgcgtA

AGTGCTGC

AATCATCC

G 

 

gcagcacttaCG

CAATTCCA

TCATAGTG 
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CHD7:NM_0

17780.4:c.45

12G>T 

 

CHD7_E19 

 

ggtgctgggaa

gcgaaaggG

GCCCAAA

CCATTTA

TTTATTC 

 

gttcgggcagctc

gactagTGGG

AAGCAGAT

ACAAGGAT

G 

 

agtcagaaggtA

AAGGTTCC

ACATTTGC

TAAG 

 

ggaacctttaCC

TTCTGACT

CAATGGTA

ATG 

 

CHD7:NM_0

17780.4:c.46

41G>T 

 

CHD7_E20 

 

ggtgctgggaa

gcgaaaggG

TTGCTCC

CTATCAT

TTATC 

 

gttcgggcagctc

gactagTACG

CCGTGGCT

TTGCACA 

 

ccttaaatggtA

GGGTGAGT

AAGAAGTC

CCATTCG 

 

actcaccctaCC

ATTTAAGG

CATCAATA

TC 

 

CHD7:NM_0

17780.4:c.54

54G>A 

 

CHD7_E26 

 

ggtgctgggaa

gcgaaaggG

GTGGTAA

TTCTGAT

AATATCC

CTGAAGT

GTAACTT

G 

 

gttcgggcagctc

gactagTGAT

TGCGGGAA

ATGACATT

TG 

 

gtgctttctaGA

ACGAGTCG

GTATGCCT

G 

 

cgactcgttctA

GAAAGCAC

AGCGCGGG

G 

 

CHD7:NM_0

17780.4:c.58

41A>G 

 

CHD7_E29 

 

ggtgctgggaa

gcgaaaggG

AGGACTA

ATAAATA

ATGTTTT

CATCCCC

TCTAAGG

AGGTAAA

AAAG 

 

gttcgggcagctc

gactagTGCA

TCATACTT

CAGGAAA

AGAC 

 

ctcgagaggagG

TGAGAGCT

CTGGAAGC

G 

 

agctctcaccTC

CTCTCGAG

GCCGCCGT 

 

CHD7:NM_0

17780.4:c.77

38C>T 

 

CHD7_E35 

 

ggtgctgggaa

gcgaaaggG

GCCCACC

TCGGCCT

CCCA 

 

gttcgggcagctc

gactagTTAA

CGCGCATC

TTCAAATA

ACTG 

 

gggactaggtTG

GTGGGGGA

AGATGCTC 

 

tcccccaccaaC

CTAGTCCC

ATCTTCAA

GATTGATA

ACAGGGAT

CCG 

 

CHD7:NM_0

17780.4:c.79

65G>T 

 

CHD7_E36 

 

ggtgctgggaa

gcgaaaggG

TAGATAA

AAGGAAA

AGCCAAT

TC 

 

gttcgggcagctc

gactagTCAT

AGCTCCAC

CCATCTG 

 

aacgaaatggtA

AGAAGGTA

AACGCTGG

G 

 

taccttcttaCCA

TTTCGTTT

ATTGACAA

C 
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CHD7:NM_0

17780.4:c.81

15T>A 

 

CHD7_E38 

 

ggtgctgggaa

gcgaaaggG

TACCTCA

CTGATGA

GTAGC 

 

gttcgggcagctc

gactagTCTC

TCAAATTT

CATCTCTC

CTAGGGAT

AATAAATA

ATGCACTG 

 

gccttctcacaG

GGCCTGTA

GTGCGGGG

A 

 

tacaggccctGT

GAGAAGGC

GGTCAAAC 

 

Notes. E=exon, In=intron, Outer_fwd=Outer forward wildtype primer, Outer_rev=Outer reverse 

wildtype primer, Var_fwd=Variant-specific forward primer, Var_rev=Variant-specific reverse prime 
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Appendix C 

Variant Position, SpliceAI Scores, and Minigene Outcomes 

Figure C1 

Variant Position and SpliceAI Scores 

 

Figure C2 

Variant Position and SpliceAI Scores 
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Figure C3 

Variant Position and SpliceAI Scores 

 

Figure C4 

Variant Position and SpliceAI Scores 

 

Figure C5 

Variant Position and SpliceAI Scores 
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Figure C6 

Variant Position and SpliceAI Scores 

 

Figure C7 

Variant Position and SpliceAI Scores 
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Figure C8 

Variant Position and SpliceAI Scores 

 

Figure C9 

Variant Position and SpliceAI Scores 
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Figure C10 

Variant Position and SpliceAI Scores 

 

Figure C11 

Variant Position and SpliceAI Scores 
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Figure C12 

Variant Position and SpliceAI Scores 

 

Figure C13 

Variant Position and SpliceAI Scores 
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Figure C14 

Variant Position and SpliceAI Scores 

 

Figure C15 

Variant Position and SpliceAI Scores 
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Figure C16 

Variant Position and SpliceAI Scores 

 

Figure C17 

Variant Position and SpliceAI Scores 
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Figure C18 

Variant Position and SpliceAI Scores 

 

Figure C19 

Variant Position and SpliceAI Scores 
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Figure C20 

Variant Position and SpliceAI Scores 

 

Figure C21 

Minigene Outcomes 
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Note. Each panel includes a gel image of the wildtype and variant minigene sample on the left, a 

schematic of the splice outcome on the right, and the sequencing tracing on the bottom; A: 

ABCA4:c.1299A>G:p.E433=, depicts a loss of 57 bases; B: ABCA4:c.2226T>A:p.T742=, 

depicts a loss of 67 bases; C: ABCA4:c.2736A>T:p.G912=, shows the variant produces a normal 

transcript; D: ABCA4:c.2904G>T:p.G968=, depicts a loss of 16 bases. 
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Figure C22 

Minigene Outcomes 

 

Note. Each panel includes a gel image of the wildtype and variant minigene sample on the left, a 

schematic of the splice outcome on the right, and the sequencing tracing on the bottom; A: 

ABCA4:c.3018C>T:p.G1006=, depicts a loss of 34 bases; B: ABCA4:c.3462C>T:p.G1154=, 

depicts a loss of 62 bases; C: ABCA4:c.4446C>A:p.V1482=, depicts a loss of 96 bases; D: 

ABCA4:c.6000C>T:p.G2000=, shows the variant produces a normal transcript. 
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Figure C23 

Minigene Outcomes 

 

Note. Each panel includes a gel image of the wildtype and variant minigene sample on the left, a 

schematic of the splice outcome on the right, and the sequencing tracing on the bottom; A: 

ABCA4:c.6207C>T:p.G2069=, depicts a total loss of exon 45; B: 

ABCA4:c.3747G>T:p.R1249=, depicts a loss of 33 bases; C: ABCA4:c.4512G>T:p.G1504=, 

depicts a loss of 23 bases; D: ABCA4:c.5454G>A:p.L1818=, shows the variant produces a 

normal transcript. 
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Figure C24 

Minigene Outcomes 

 

Note. Each panel includes a gel image of the wildtype and variant minigene sample on the left, a 

schematic of the splice outcome on the right, and the sequencing tracing on the bottom; A: 

ABCA4:c.5841A>G:p.E1947=, depicts a loss of 53 bases; B: ABCA4:c.7965G>T:p.G2655=, 

depicts a loss of 8 bases. 
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